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Abstract
Mass spectrometry is arguably the most important technique used in lipid
analysis. It provides unparalleled sensitivity and molecular specificity in the detection,
quantification and structure elucidation of the diverse range of lipids present in complex
biological matrices. The recent and rapid emergence of ambient ionization mass
spectrometry presents new and exciting opportunities for the direct detection of lipids
from surfaces, including those commonly encountered in lipid research such as tissue
sections, cells and thin-layer chromatography plates. This thesis describes the
application, optimization and analytical capabilities for two contemporary ambient
ionization technologies - namely desorption electrospray ionization (DESI) and liquid
extraction surface analysis (LESA) - for the surface and structural analysis of lipids
from all three of these sample/substrate classes. Herein the results of ambient ionization
analysis are shown to: (i) provide new insight into the distribution (and thus function) of
individual lipids within human lens tissue; (ii) monitor and exploit surface chemistry
such as the oxidation of unsaturated lipids by atmospheric ozone; and (iii) obtain lipid
profiles allowing for the identification of cell types, including analysis of single cells,
by coupling LESA-MS with inkjet bio-printing technologies. Results from this thesis
serve to highlight the great potential of ambient surface analysis mass spectrometry for
lipid research.
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Chapter 1: Introduction

Chapter 1:
1.1

Introduction

Background and Scope of Thesis
Lipids are essential components of living systems, they are present in all cells

and drive many biochemical functions and pathways essential to the survival of both
cells and higher-order, multi-cellular bodies. The mammalian lipidome contains eight
classes of lipids: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids, saccharolipids and polyketides, with many sub-classes present in
each category [1]. The majority of lipids are found in the cell membrane where they
form the well-known lipid bilayer [2-6]. The cell membrane consists primarily of
phospholipids (e.g., phosphatidylcholine (PC) and phosphatidylethanolamine (PE)),
sphingolipids (e.g., sphingomyelin (SM) and gangliosides (GL)) and sterols
(predominately cholesterol (Chol)). Lipid membranes form key structural scaffolds
within a cell that, among numerous other important roles, allow cells to isolate their
internal constituents from the external environment and form discreet organelles within
the cell, where the compartmentalization afforded by the membrane allows increased
biochemical efficiency [2]. Aside from the cell membrane, neutral lipids such as
triacylglycerides (TAGs) and sterol esters form lipid droplets within the cell that act as a
key source of energy, while many other lipids are involved in a myriad of intricate
cellular functions and pathways including molecular signaling, recognition and
transportation, in addition to lipid-protein interactions [2, 3, 6-8]. Importantly, the
role(s) performed by a particular lipid are ultimately determined by its molecular
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structure. Thus the structural elucidation of biologically derived lipids is fundamental to
understanding lipid function(s).
The biological importance of lipids has spawned the rapidly emerging field of
lipidomics. The ultimate goal of lipidomics is to quantitatively describe all lipids within
a cell and their associated functions [7]. One of the major challenges facing the field is
the wide structural diversity observed in lipid populations. For example, variations in
common structural motifs observed in mammalian lipids (i.e., headgroup structure,
chain length and degree of unsaturation in fatty acyl chains and the degree of
sphingolipid glycosylation) have led to estimates of over 180,000 possible lipid
structures in nature [9]. Moreover, isomeric variants arising due to alterations in double
bond position, backbone substitution of fatty acyls, and stereochemistry, further
increases the number of possible lipid structures. Thus comprehensive analysis of
biological lipids requires analytical techniques possessing: (i) a high level of molecular
specificity that allows one to resolve the many molecular lipid structures invariably
present in any lipid extract; and (ii) the ability to provide detailed structural information
on the individual lipids present in a given system.
The excellent sensitivity and molecular specificity offered by modern mass
spectrometry has made it the method of choice for lipid analysis. No other analytical
method allows for both the simultaneous and differential detection of individual lipid
variants and the acquisition of the detailed structural information that is required by the
lipid researcher. Early work in lipid mass spectrometry employed techniques such as
electron ionization (EI) [10-12], chemical ionization (CI) [13-16] and even fast atom
bombardment (FAB) [17-20]. Ultimately however, these techniques were limited by
2
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either: (i) the need to volatilize the sample in the case of EI and CI restricted detection
to relatively low molecular weight non-polar lipids; or (ii) low sensitivity in the case of
FAB such that only high abundant lipids could be detected. As a result of such
limitations, analyses of complex lipid mixtures, such as biological extracts, proved
extremely challenging. The utility of mass spectrometry for biomolecular analysis was
significantly enhanced with the development of electrospray ionization (ESI) [21] and
matrix-assisted laser desorption/ionization (MALDI) [22, 23]. These “soft” ionization
methods permitted the ionization and mass analysis of virtually all lipid classes with
minimal fragmentation, thereby allowing parallel detection of many individual lipids
from complex biological samples and thus revealed the true diversity of cellular
lipidomes. The fundamental differences in the mechanisms of ESI and MALDI have
allowed two possible regimes for lipid analysis by mass spectrometry: (i) analysis of
lipid extracts from the solution phase (ESI) and; (ii) direct analysis of biological
material (e.g., tissue, cells and extracts) prepared on a suitable substrate (MALDI).
During ESI analysis the sample is typically a lipid extract or standard(s) that has
been dissolved in an ESI compatible solvent (typically a methanol based solvent) [24].
The solution is infused through a small capillary that has a high voltage (3-5 kV)
applied. This results in a charged spray being emitted from the capillary, which,
following solvent evaporation assisted by a nebulizing gas, produces intact gas-phase
lipid ions that then enter the mass spectrometer for analysis. The ions are typically of
the form [M+H]+, [M-H]-, [M+NH4]+, [M+Na]+ and [M+K]+ and their formation can be
aided by the doping of a small amount of acid or salt into the spray solution. Once
transferred into the mass spectrometer, lipid ions can be subjected to tandem-mass
3
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spectrometry (MS/MS), primarily through collision-induced dissociation (CID). CID
analysis readily allows the identification of a range of structural motifs, such as
headgroup structure and the length and degree of unsaturation of the fatty acid chains
[24, 25]. Furthermore, when CID is undertaken using a triple quadrupole mass analyzer,
such fragmentation allows the acquisition of targeted precursor and neutral loss scans.
These structure-specific scans allow the detection of all lipids with a common structural
feature, i.e., all lipids with a phosphoethanolamine headgroup (positive ion neutral loss
of 141 Da) or all lipids with an 18:1 fatty acid (negative ion precursor ion scan for m/z
281) [26]. These scans form the basis of many modern shotgun lipidomics approaches
and allow for the detection of a wide range of lipids following direct infusion of a lipid
extract. Furthermore, with the use of internal standards for each lipid class of interest,
quantification of lipids is also possible. For example, using this shotgun approach in
conjunction with several extraction steps to allow for maximum extraction of lipid
classes, Ejsing et al. [27] were able to quantify over 250 individual lipids within the
yeast lipidome, highlighting the wealth of information that can be acquired using this
approach.
While CID can provide a great deal of structural information for lipids, it is blind
to several structural features such as double bond position and the presence of chain
branching. Thus it is possible for several structural isomers to produce identical CID
spectra and thus the analyst can be unaware of the presence of more than one isomer. To
overcome this limitation several alternative ion activation techniques have been
developed, these include ozone-induced dissociation (OzID) for double bond position
[28] and radical-directed dissociation [29] for double bond position and chain
4
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branching, and both of have successfully been employed for the analysis of complex
mixtures. One complication of these approaches is that at this time neither is
commercially available and thus some instrument modification is required. Nonetheless,
development of such techniques is essential to the evolution of lipidomics, as they allow
a more complete structural identification of lipids.
Aside from the shotgun approach described above, ESI analysis of lipids is also
widely used in conjunction with liquid chromatography (LC-MS). During this approach
a complex lipid mixture is separated prior to analysis by ESI. Normal-phase LC allows
separation of lipid classes while reversed-phase LC allows inter-class separation based
on fatty acid composition. While a detailed discussion of LC-MS approaches for
lipidomics is outside the scope of this thesis, it is important to note that it has the
advantage of allowing a wider range of lipids to be detected due to a significant
reduction in ion suppression effects [30]. These effects also aid in the detection low
abundance signaling lipids whose detection is difficult without prior fractionation, in
addition to enhancing quantitative analyses. However, the typically long analysis times
of an LC-MS run make it incompatible with high-throughput analysis, such as that
offered by automated shotgun approaches.
As mentioned above, the application of MALDI, in addition to secondary ion
mass spectrometry (SIMS), to the analysis of lipids permitted the direct analysis of solid
samples such as tissues sections and intact cells, typically under vacuum conditions
inside the ion source [31-35]. MALDI analysis is performed by either mixing or coating
the sample with a suitable matrix compound which leads to the formation of matrixanalyte co-crystals. The sample is then desorbed/ionized upon irradiation with a UV5
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laser and the generated ions then enter the mass spectrometer for analysis. A more
detailed description of lipid analysis by MALDI is provided in Chapter 2. The
capability of direct surface analysis provides several advantages over solution-based
ESI approaches. These advantages are mostly a consequence of eliminating the sample
homogenization and lipid extraction steps and include: (i) a reduction in analysis time
and sample contamination; (ii) no artificial loss or enhancement of specific lipid
abundances owing to extraction bias; and (iii) preservation of molecular spatial
distributions within the sample. It is this final advantage that has led to the development
of mass spectrometry imaging (MSI) [36] and is largely responsible for the rise in
popularity of surface analysis techniques for lipid analysis. Through MSI, one can
visualize the spatial distributions of molecular lipids, which may provide new insights
into variations in lipid function across various tissue regions. The success of MALDI,
and to a certain extent SIMS, in the direct surface analysis of lipids has recently led to
the development of a wide range of alternative methods permitting direct surface
analysis. The mechanism of operation for many of these methods and a critical
evaluation of their relevance for to lipid analysis will be discussed in greater detail in
Chapter 2 of this thesis.
The next step in the evolution of mass spectrometry has been in the recent
development of ambient ionization approaches, such as desorption electrospray
ionization (DESI) [37] and direct analysis in real time (DART) [38], that allow the
direct ionization of samples outside the vacuum confines of the mass spectrometer and
with minimal sample preparation. Many of these approaches have found success for the
direct analysis of lipids from a wide variety of substrates, and their continued
6
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development and implementation into lipid research may initiate a second revolution in
the mass spectrometric analysis of lipids. A critical evaluation of these approaches for
lipid analysis is provided in Chapter 2.

1.2

Thesis Aims
The true potential of ambient surface analysis mass spectrometry methods for

lipid analysis has yet to be realized. The great potential offered by ambient surface
analysis mass spectrometric techniques for the structural, compositional and imaging
analysis of lipids forms the motivation of this thesis. As a result, the overall purpose of
the research undertaken for this thesis was to develop new capabilities and applications
of ambient mass spectrometry, namely DESI and liquid extraction surface analysis
(LESA), for the surface analysis and structural characterization of lipids. Based on this,
the specific aims of this thesis were to:
i)

Apply DESI-MS-imaging to the analysis of human lens tissue for the
first time to provide an understanding of the spatial distribution of
unusual 1-O-alkyl ether phospholipids observed in the human lens [39].
Significant alterations in the lens lipidome have previously been
observed with age, suggesting an intrinsic instability of the cellular
lipidome [40, 41], however the spatial distribution of 1-O-alkyl
phospholipids has not previously been observed. Such analyses will
provide insight into the function of these lipids within the human lens.
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ii)

Characterize the cause and mechanisms for the observed oxidation of
lipids in the ambient laboratory environment. This work has implications
for all surface analysis methods, as it highlights the susceptibility of
lipids to oxidation simply upon exposure to ambient conditions.

iii)

Exploit the oxidative processes described in aim (ii) by coupling it with
thin-layer chromatography and DESI-MS-imaging to develop a simple
and

powerful

method

for

the

structural

characterization

and

compositional analysis of complex lipid extracts. Crucially, such an
approach will not require instrument modification in order to obtain
more structural information than possible with CID alone.
iv)

To characterize the decomposition pathways of lipid secondary ozonides
observed in the investigation of aims (ii) and (iii), with the goal of
understanding the fate of aerosol-bound lipids in the troposphere and
their possible implication in atmospheric radical chemistry.

v)

Investigate the use of liquid extraction surface analysis mass
spectrometry and recently developed inkjet bio-printing techniques as a
method allowing lipid profiling down to the single cell level.
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1.3 Chapter Summaries
1.3.1

Chapter 3
In this chapter aim (i) is met through applying DESI-MS-imaging to the direct

analysis of human lens tissue for the first time. This provided the first direct detection of
1-O-alkyl phosphatidylethanolamine (PE) and 1-O-alkyl phosphatidylserine (PS) ether
lipids directly from human lens tissue. Direct analysis of the tissue surface by DESI-MS
allowed the detection of nine different lipids classes, namely, PE, PS, lysoPE, ceramide,
ceramide-1-phosphate, sphingomyelin, phosphatidylcholine, lactosylceramide (LacCer)
and cholesterol, with structural assignments supported by CID and high resolution mass
spectrometry. Importantly, DESI provided much greater coverage of the lens lipidome
than a similar analysis with MALDI-MS which only allowed detection of
sphingomyelin, ceramide and cholesterol [40].
Unique spatial distributions were observed for many different lipid classes.
Importantly, 1-O-alkyl PE and PS lipids were found to be localized in the outer-most,
metabolically active region of the lens, while the corresponding 1-O-alkyl lyso PE lipids
had a complimentary distribution closer to the centre of the lens, suggesting esterified
fatty acids are hydrolyzed as lens fiber cells mature. Furthermore, a significant increase
in ceramide in the lens nucleus was observed with age and is in agreement with an
earlier MALDI study [40]. To confirm DESI-MS ion distribution images were
representative of actual lipid distributions in the lens, DESI-MS data was compared to
that acquired by regional extraction and quantification of lens tissue. These data provide
strong evidence that DESI-MS images are indeed representative of actual molecular
9
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distributions within the tissue and not an artifact arising from ion suppression or
differential desorption efficiency from different tissue regions. Results from this chapter
highlight the capabilities of DESI-MS for direct tissue analysis and lipid imaging.

1.3.2

Chapter 4
This chapter focuses on aims (ii) and (iii) and describes the development of a

new approach for the surface analysis of complex lipid extracts that allows both lipid
composition and double bond position to be investigated simultaneously, greatly
improving the molecular information obtained in a single analysis. First, the structure
and source of ambient oxidation products was investigated and attributed to low levels
of background ozone naturally present in laboratory air. Ozonolysis was then coupled
with TLC separation and DESI-MS-imaging for the analysis of a human lens lipid
extract. This provided detection of a variety of lens lipids, and importantly, allowed the
detection and characterization of LacCers in the human lens. These lipids were
tentatively assigned following direct tissue analysis (see Chapter 3) but detailed
structure elucidation could not be achieved due to the low abundance of the ion signal.
This chapter provides the first observation of n-9, n-7 and n-5 double bond variants of
LacCer (d18:0/24:1) in the ocular lipidome and demonstrates the power of TLC/DESIMS for the analysis of low abundance lipids in complex extracts. Finally the
observation of ambient ozonolysis highlights the need for caution when preparing
and/or analyzing unsaturated lipids in the ambient laboratory environment. This is
further highlighted in Chapter 6.
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1.3.3

Chapter 5
In Chapter 4 stable lipid secondary ozonides were observed to form under

ambient conditions and their radical dissociation products observed upon CID. These
observations invited a detailed investigation of the dissociation pathways of lipid
secondary ozonides and their relevance to lipids found on surfaces such as tropospheric
aerosols. This investigation forms the basis of Chapter 5 and meets aim (iv) of this
thesis. The results presented provide the first detailed analysis of the products arising
from the activation of lipid secondary ozonides and demonstrate that formation of an
initial biradical can account for many (if not all) of these products. The structure of
radical products is probed using CID and ion-molecule reactions with molecular oxygen
and ozone inside an ion trap mass spectrometer. Additionally, by investigating the
photodissociation of ozonides at tropospherically relevant wavelengths, the possibility
of lipid secondary ozonides being a direct source of carbon-centered radicals in the
atmosphere is investigated. The structure of ozonides formed on a surface and in the
gas-phase is also compared and, in the case of certain lipids, these data provide the first
evidence for lipid secondary ozonide formation in the gas-phase.

1.3.4

Chapter 6
This chapter describes the use of liquid extraction surface analysis mass

spectrometry (LESA-MS) for the direct lipid profiling of intact cells. The coupling of
LESA-MS with inkjet bio-printing methods that allow the controlled deposition of
intact single cells onto a surface meets and aim (v) of this thesis. Using LESA-MS
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phosphatidylcholine and sphingomyelin lipid profiles of single cells were acquired by
employing precursor ions scans on a triple quadrupole mass spectrometer. Analysis of
lipid profiles with principal component analysis allowed differentiation of the three
mammalian model cell lines used (C2C12, PC12 and L929). Furthermore ceramides and
cholesterol esters were detected from as little as 50 cells. These results correspond to the
first report of any ambient ionization approach for the analysis of single cells with sizes
typical of mammalian cells (i.e., less than 50 µm). The LESA-MS approach also has
important advantages over secondary ion mass spectrometry methods commonly used
for single cell analysis in allowing detection of intact molecular lipids, while the ability
to precisely and routinely deposit single cell arrays open up the possibility of highthroughput single cell analysis based on the described approach.
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2.2

Abstract
Mass spectrometry is now an indispensable tool for lipid analysis and is

arguably the driving force in the renaissance of lipid research. In its various forms, mass
spectrometry is uniquely capable of resolving the extensive compositional and structural
diversity of lipids in biological systems. Furthermore, it provides the ability to
accurately quantify molecular-level changes in lipid populations associated with
changes in metabolism and environment; bringing lipid science to the “omics” age. The
recent explosion of mass spectrometry-based surface analysis techniques is fuelling
further expansion of the lipidomics field. This is evidenced by the numerous papers
published on the subject of mass spectrometric imaging of lipids in recent years. While
imaging mass spectrometry provides new and exciting possibilities, it is but one of the
many opportunities direct surface analysis offers the lipid researcher. In this review we
describe the current state-of-the-art in the direct surface analysis of lipids with a focus
on tissues sections, intact cells and thin-layer chromatography substrates. The suitability
of these different approaches towards analysis of the major lipid classes along with their
current and potential applications in the field of lipid analysis are evaluated.

15

Chapter 2: Direct Analysis of Lipids from Surfaces by Mass Spectrometry

2.3

Introduction
Lipidomics is a rapidly emerging field that has largely been driven by

developments in mass spectrometry that allow characterization of the many individual
molecular lipids present in biological systems [3, 26]. Mass spectrometric analysis of
lipids is traditionally achieved following lipid extraction from a sample (typically tissue
or cells) and analysis by infusion-based electrospray ionization (ESI), with or without
prior chromatographic separation. These approaches have been invaluable for the
structural, qualitative and quantitative analysis of lipids and form the foundation of most
lipidomic workflows.
The success of these methods in lipid analysis has initiated the development and
implementation of mass spectrometry approaches that provide direct surface analysis
capabilities. These allow direct detection of lipids from surfaces that are typically
encountered in lipid analysis, such as tissue sections and intact cells, without prior
extraction. Furthermore, many of these approaches can also be coupled with additional
analytical techniques such as thin-layer chromatography (TLC), a popular method used
for the separation of complex lipid extracts on a silica gel surface [42]. Perhaps the most
powerful capability of these methods in regards to lipid analysis however, is their ability
to acquire position-correlated spectra that allow the spatial distribution of lipids within a
sample to be visualized (so called mass spectrometry imaging or MSI). Thus surface
analysis can provide complementary information to that typically obtained by infusionESI of biologically derived lipid extracts. Most notably, surface analysis can elucidate
the spatial distribution(s) of lipids within a sample, complementing quantitative analysis
on lipid extracts from the same source obtained by infusion-ESI (or related methods).”
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Regardless of the approach, there are three requirements for successful and
efficient mass spectrometric surface analysis, namely: (i) desorption of desired analytes
from the surface by the interaction of a sampling probe with the surface (e.g., spray,
laser, or plasma); (ii) ionization of desorbed analytes (note some lipids are already
charged prior to this step, such as certain phospholipids, and do not require further
ionization); and (iii) analysis of the gas-phase analyte ions in the mass spectrometer.
Crucially, the energy deposited during the desorption and ionization events determines
the structure of the detected ions (i.e., fragments or intact molecules). Fortunately, for
most (but not all) surface analysis methods, ionization is generally “soft” meaning intact
ions (e.g., [M+H]+, [M+alkali]+, [M-H]-) are the dominant ionic products. This is
advantageous as the lack of fragmentation occurring during “soft” ionization produces
easy to interpret spectra. For further structural information (e.g., headgroup and fatty
acid composition) these ions can then be subjected to collision-induced dissociation
(CID) [24].
Traditional mass spectrometry surface analysis methods include matrix-assisted
laser desorption/ionization (MALDI) [43, 44] and secondary ion mass spectrometry
(SIMS) [45]. Both methods have been used extensively for lipid analysis with great
success, albeit with different capabilities. Importantly, in their conventional forms,
MALDI and SIMS require desorption and ionization be performed in vacuo which can
complicate sample introduction and requires that the sample be resistant to modification
in the vacuum environment (e.g., dehydration of untreated tissue samples can lead to
deformation which may introduce artifacts in the analysis).
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As a result, careful sample preparation is essential and often time consuming.
Recently, the emergence of desorption electrospray ionization (DESI) [37] and direct
analysis in real time (DART) [38] has catalyzed development of a vast array of mass
spectrometry methods that allow direct surface analysis under ambient conditions (i.e.,
at atmospheric pressure) [46-48]. Ambient techniques eliminate constraints associated
with analyzing samples under vacuum and are characterized by simpler and faster
analyses with minimal sample preparation requirements. Many of these methods have
been applied to lipid analysis with varying degrees of success.
Lipid imaging of biological surfaces has been a very popular application of these
techniques, particularly in bio-medical studies. However, given that lipid imaging by
MALDI, SIMS and DESI has been the subject of several recent reviews, it will only be
covered in passing here [35, 49-51]. Whether imaging is the focus or one simply wishes
to characterize the lipids present on a given surface, a successful analysis is inherently
dependant on the ability of the chosen method to desorb and ionize lipid molecules from
the surface of interest. In this review we describe the mass spectrometry-based surface
analysis methods for which lipid analysis has been demonstrated to date, and given the
fundamentally different mechanistic aspects of these approaches, aim to highlight the
suitability of these techniques for the detection of the major lipid classes from different
surfaces one may encounter during lipid research.
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2.4

Laser-Based Methods

2.4.1

Matrix-Assisted Laser Desorption/Ionization (MALDI)
Matrix-assisted laser desorption/ionization was first reported in 1985 [22, 23]

and is currently the most widely used technique for the detection of lipids directly from
surfaces. This is evidenced by the fact that more than 250 papers have been published
on the subject of lipid analysis by MALDI since 1997. These include applications as
diverse as the investigation of lipid biochemistry by direct tissue analysis [50], to ageing
processes in paintings [52]. MALDI samples can be prepared on a variety of substrates,
including conventional stainless steel MALDI targets, TLC plates, or directly from
biological surfaces such as tissue sections. Typically, lipid analysis by MALDI is
achieved with one of two approaches: (i) Lipid profiling of extracts and tissue sections.
This allows rapid comparisons of lipid composition to be made between different
samples or within different regions of a tissue section; and (ii) MSI of tissues and other
surfaces. MALDI-MSI is achieved by rastering the laser across the sample and
acquiring mass spectra at each raster point, thereby generating an array of mass spectra
across the sample. This allows the spatial distribution of many different lipids within the
sample to be visualized in a single, label free experiment. MALDI-MSI has been
successfully applied to a wide range of tissues and biological problems, including the
analysis of changes in lipid composition and spatial distribution that occurs within
diseased tissues. For more information on the biological applications of MALDI-MSI,
the reader is referred to reference [50].
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Desorption/ionization during MALDI typically occurs inside the vacuum region
of the instrument and is initiated by a UV-laser pulse usually generated by a nitrogen
(337 nm) or Nd:YAG (355 nm) laser. The typical spatial resolution of MALDI is ~25100 µm which is largely defined by the diameter of the laser beam spot size on the
target. The laser serves two purposes: (i) to desorb analytes from the surface material;
and (ii) induce analyte ionization for mass spectrometry analysis. While direct laser
desorption is possible, the direct absorption of the laser energy by the analyte can lead
to significant fragmentation and consequently low ion yields. Successful analysis thus
requires the sample be coated in a matrix compound prior to laser irradiation, hence the
term MALDI. Matrices are typically small, aromatic compounds with a strong
absorption at the laser wavelength. The matrix is commonly dissolved in a small
amount of organic solvent and then applied to the sample, usually in the form of a spray
or droplet, leading to the formation of matrix-analyte co-crystals [53]. The matrix serves
two main purposes: (i) to facilitate extraction of analyte molecules from the sample into
the matrix, leading to formation of analyte-matrix co-crystals. This step also separates
individual analyte molecules, thus minimizing cluster formation during ionization. (ii)
to absorb the energy from the laser pulse, thus shielding analyte molecules and allowing
soft ionization to occur. Upon UV-irradiation the matrix-analyte crystals are vaporized,
and charge transfer reactions in the resulting plume lead to the formation of singly
charged analyte ions typically in the form of [M+H]+, [M+alkali]+ or [M-H]- (Figure
2-1a).
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Figure 2-1 Schematic representations of (a) matrix-assisted laser desorption/ionization (MALDI); (b)
laser ablation electrospray ionization (LAESI); and (c) nanowire-assisted laser desorption/ionization
(NALDI) and nanostructure-initiator mass spectrometry (NIMS). UV-lasers are typically nitrogen (337
nm) or Nd:YAG (355 nm) lasers. IR-lasers are typically Er:YAG or OPO emitting at 2.94 µm.

The polarity of the generated ions is dependent on both the molecular structure
(gas-phase acidity/basicity) of the analyte and matrix. Accordingly, positive ion
formation typically requires an acidic matrix, while negative ion formation often
requires a neutral or basic matrix. The presence of endogenous salts in biological tissue
can also contribute to the formation of positive ions such as [M+Na]+ and [M+K]+, even
in the absence of an acidic matrix. Optimal sensitivity is obtained with the formation of
small analyte-matrix co-crystals, thus matrix application is one of the most critical steps
in MALDI workflows. For example, sublimation of matrix produces a homogenous
coating of small micro-crystals and was shown to provide ca. 50-fold improvement in
signal for the analysis of the phosphatidylcholine (PC) PC (16:0/18:1)i compared to
matrix application by electrospray which produced much larger crystal sizes [54].
Furthermore, sublimation has proven to be a versatile and effective method for lipid
analysis from a wide range of thin tissue sections [55]. Although not the focus of this
review, it is important to emphasize that matrix application has particular significance in

i
Phospholipids are named in the format of lipid sub-class (sn-1 fatty acid/sn-2 fatty acid) e.g., PC (16:0/18:1)
corresponds to phosphatidylcholine (PC) with palmitic acid (16:0) esterified at the sn-1 position and oleic acid (18:1)
esterified at the sn-2 position along the glycerol backbone
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MSI as the crystal size (in addition to the laser spot size) limits the achievable spatial
resolution. As lipids are extracted from the surface into the matrix layer, the size of the
smallest biological features that may be resolved during an imaging experiment can be
no smaller than the size of the crystals. Moreover, as most applications employ solvents,
analyte migration may occur during matrix application and must therefore be minimized
to preserve the spatial distributions within the sample. Therefore, methods that do not
employ solvents, such as sublimation, are advantageous as the possibility of analyte
migration is greatly reduced.
Table 2-1 outlines the lipid classes that have been detected by MALDI and the
corresponding matrices. Clearly many types of matrices can be used for lipid detection,
although presently 2,5-dihydroxybenzoic acid (DHB) and 9-aminoacridine (9-AA) are
most commonly used for positive and negative ion analyses respectively [49, 56, 57].
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Table 2-1 Lipid Classes Detected by MALDI and Corresponding Matrices.a
Lipid Class
Phospholipids
(pos)

Phospholipids
(neg)

Sphingolipids/
Glycolipids

Glycerolipids
Cholesterol
Cholesterol
Esters
Free fatty acids

Matrix

Sample

Reference

DHB
PNA
MBT
CHCA
Di-FCCA
DHA
THAP
DAN
9-AA
PNA
DHB
DAN
DMAN
DHA
DHB
9-AA
CHCA
THAP
MBT
DHB
THAP
CHCA
DHBb
Silver

Standards, tissue sections, lipid extracts
Lipid extracts, tissue sections
Tissue sections, lipid extracts
Tissue sections
Lipid extracts
Tissue sections
Standards, tissue sections
Tissue sections
Lipid extracts, egg chambers from a fly
Lipid extracts, tissue sections
Lipid standards, lipid extracts
Tissue sections
Intact bacteria cells
Tissue sections
Tissue sections, lipid extracts on TLC plate
Tissue sections, lipid extracts
Tissue sections, lipid extracts
Lipid extracts, standards
Lipid extracts
Standards, lipid extracts, single embryo and oocytes
Lipid extracts
Lipid extracts
Lipid extracts, tissue sections
Standards and cells

[58-60]
[61, 62]
[63, 64]
[65]
[66]
[34]
[67]
[68]
[66, 69, 70]
[33, 61, 71]
[58, 72]
[68]
[73]
[34], [74]
[40, 72, 75]
[76-78]
[65, 79]
[67]
[63]
[80-82]
[67, 83]
[81]
[40, 84]
[85, 86]

DHB

Lipid extracts

[84, 87, 88]

MTPFPP
Lipid extracts, saponified vegetable oil
[89, 90]
DMAN
Standards, leaf material, fly body, blood
[91, 92]
Silver
Tissue sections
[93]
Graphene/
Lipid standards, lipid extracts
[94]
graphene oxide
TCNQ/Li
Lipid standards
[95]
a.
Note that this table is not intended as a comprehensive summary of all reported lipid-matrix combinations but rather
highlights the variety of lipids that have been detected and the suitability of matrix compounds.
b.
Detected as the [M+H-H2O]+ ion.
9-AA, 9-aminoacridine; CHCA, α-cyano-4-hydroxycinnamic acid; DAN, 1,5-diaminonapthalene; DHA, 2,6dihydroxyacetphenone; DHB, 2,5-dihydroxybenzoic acid; Di-FCCA, α-cyano-2,4-difluorocinnamic acid; DMAN,
1,8-bis(dimethylamino) naphthalene; MBT, 2-mercaptobenzothiazole; MTPFPP, meso-tetrakis (pentaflurophenyl)
porphyrin; PNA, p-nitroaniline; TCNQ, 7,7,8,8-tetracyanoquinodimethane; THAP, 2,4,6-trihydroxyacetophenone.

The application of matrices to the sample also results in production of low mass
(<500 Da) background ions that complicate the detection of low mass analytes. For this
reason the detection of free fatty acids (FFAs) is particularly challenging using standard
MALDI matrices. A variety of new matrices have been tested to overcome this and
these are shown in Table 2-1. For example, due to its highly basic nature 1,823
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bis(dimethylamino) naphthalene (DMAN) produces abundant [M-H]- ions of free fatty
acids with little-to-no matrix background [91, 92]. Figure 2-2 shows negative ion
spectra acquired from stearic acid (18:0) mixed 1:1 with α-cyano-4-hydroxycinnamic
acid (CHCA) (a), 2,5-dihydroxybenzoic acid (DHB) (b) and DMAN (c). The detection
of the [M-H]- ion at m/z 283 (highlighted in red) is difficult with both CHCA and DHB
due to extensive formation of overlapping matrix-related ions. By contrast, m/z 283 is
clearly observed using DMAN in the absence of any matrix interference .

Figure 2-2 Comparison of conventional (a) α-cyano-4-hydroxycinnamic acid (CHCA) and (b) 2,5dihydroxybenzoic acid (DHB) matrices with (c) 1,8-bis(dimethylamino)naphthalene (DMAN) for
negative ion fatty acid detection. Matrices were mixed 1:1 with stearic acid (18:0) and deposited onto a
metallic target. The expected [M-H]- ion of stearic acid at m/z 283 (spectral region highlighted in red) is
virtually absent and accompanied by significant matrix-related peaks when using CHCA and DHB.
Analysis with DMAN reveals the [M-H]- ion in the absence of any matrix-related background. Adapted
with permission from reference [92].

As shown in Table 2-1 and in several recent reviews [32, 49, 50, 96, 97],
MALDI is capable of detecting virtually all major lipid classes. As with ESI, lipids such
as PC, sphingomyelin (SM) and triacylglycerides (TAGs) are most efficiently detected
in positive ion mode, whereas acidic lipids such as phosphatidylglycerol (PG),
phosphatidylinositol (PI), sulfatides (ST) and gangliosides (GL) are better detected as
deprotonated

ions

in

negative ion

mode.

While some acidic lipids like
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phosphatidylserine (PS) and phosphatidylethanolamine (PE) can be analyzed in both
polarities, positive ion analysis can suffer from the more rapid decomposition of
[M+H]+ ions and thus negative ion mode is usually preferred [98].
Most applications of MALDI (and many other methods) involve analysis of
complex biological materials such as tissue or extracts containing many lipid classes.
This can however introduce several complications:
First, in positive ion mode, the presence of endogenous salts within biological
samples often results in the detection of several adduct ions for a given lipid. That is, a
single molecular species may be observed simultaneously as the ions, [M+H]+,
[M+Na]+ and [M+K]+. This increases the likelihood of overlapping peaks (although in
some cases this can be ameliorated with high resolution mass analyzers) and decreases
sensitivity by spreading the signal of one analyte over several peaks with different m/z
values. To overcome this, the matrix can be doped with salts, such as cesium [71] or
lithium [99], to coalesce signals from an individual lipid variant into a single m/z.
Alternatively, the sample can be washed with aqueous ammonium acetate (or similar) to
remove salts leading to the sole detection of the protonated ion for lipids such as PC and
SM [100]. The latter step is not suitable for all lipid classes as removal of alkali salts
may reduce the ionization of non-polar lipids such as TAGs that do not readily form
protonated ions (although this may be offset by formation of ammonium adducts).
Furthermore, as the aim of many tissue studies is imaging, care must be taken to avoid
migration of the lipids from their original position in the tissue.
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Second, the detection of some lipid classes in positive ion mode can be
significantly hampered by the presence of overwhelming concentrations of PC and SM
that can suppress the signal from less abundant and/or ionizable species, thus reducing
the information obtainable in a single acquisition [101]. In the case of extracts, several
techniques can be employed to reduce ion suppression including: chromatographic
removal of PC lipids by TLC [102]; cation exchange columns [103]; or by ensuring
sufficient sample dilution [49]. An approach applicable for all samples is to perform
analysis in negative ion mode where acidic lipid classes are detected with greater
efficiency. For example, when Estrada et al. analyzed a human lens lipid extract in
positive ion mode using PNA doped with cesium chloride as the matrix only several
SMs were detected [61]. By contrast, negative ion analysis with a PNA matrix allowed
detection of a much wider range of lipids including PE, lysophosphatidylethanolamines
(LPE), PS, lysophosphatidylserines (LPS), ceramide-1-phosphates (Cer1P) and ST,
highlighting the complementary information that can be obtained using both polarities.
However, if one wishes to obtain the greatest amount of information from a lipid extract
in a single acquisition, the coupling of MALDI with TLC provides a simple and
effective method to achieve this. By separating lipid classes prior to analysis the
suppression effects of PC/SM are eliminated and low abundance lipid classes (such as
PI) can be observed even from complex samples [104]. TLC/MALDI has shown much
promise for the analysis of both phospholipids (PLs) and glycosphingolipids (GSLs)
from extracts obtained from a diverse range of sources [102, 104-108]. Nevertheless it
may be affected by: (i) incomplete desorption of lipids from the plate due to the high
affinity of some lipids for silica; (ii) poor penetration of the UV-laser beam into the
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silica layer such that only lipids close to the surface are removed; and (iii) the
possibility of ablating and contaminating the instrument with silica. TLC analysis also
typically requires more material than a simple profiling experiment where the sample is
spotted onto a standard MALDI substrate. One must also be aware of the possibility of
oxidation of surface-exposed unsaturated lipids upon exposure to atmospheric ozone
[109].
In an effort to overcome problems associated with lipid detection from the silica
surface, Goto-Inoue et al. developed a TLC-blot technique whereby lipids separated by
TLC are transferred to a polyvinylidene difluoride (PVDF) membrane. This facilitated
more efficient desorption in the MALDI analysis and has successfully been employed
for the characterization of biologically derived GSL [110] and PL [60] extracts with
detection limits as low as 1 pmol. Figure 2-3(a) shows a primuline stained TLC plate
following separation of lipid extracts derived from four different regions of the human
brain [60]. Upon primuline staining ~12 different lipid classes were visualized on the
TLC plate and then transferred to a PVDF membrane and interrogated by MALDI-MS
to acquire molecular information. Figure 2-3 (b) and (c) show MALDI spectra
acquired from the highlighted bands containing PC and SM lipids and readily allow
identification of multiple molecular lipids present in a given band. MALDI analysis also
allowed the identification of bands containing, PE, PS, galactosylceramides (GalCer)
and ST in positive ion mode using DHB as the matrix. MALDI spectra from the
remaining TLC bands were not reported, however it is likely these bands correspond to
a variety of other GSLs (e.g. lactosylceramides (LacCer) and GLs) and acidic
phospholipids such as PI. Additionally, by comparing the ion intensities of ions arising
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from SM in different brain regions, comparisons regarding the relative distribution of
SM lipids in these regions of the brain could be made. For example, it was observed that
SM (d18:1/20:0) was more abundant in grey matter, SM (d18:1/24:1) was more
abundant in the white matter while SM (d18:1/18:0) was distributed evenly throughout
the tissue.

Figure 2-3 (a) Thin-layer chromatography plate stained with primuline following separation of human
brain lipid extract. Brain regions investigated were gray matter of the inferior frontal gyrus (lane 1), gray
matter of the hippocampus (lane 2), white matter of the inferior frontal gyrus (lane 3), and white matter of
the hippocampus (lane 4). Lipids were then transferred to a polyvinylidene difluoride (PVDF) membrane
and analyzed by MALDI using 2,5-dihydroxybenzoic acid as the matrix. (b) MALDI spectrum acquired
from region of the TLC plate containing phosphatidylcholine (PC) lipids and (c) sphingomyelin (SM)
lipids. Adapted with permission from reference [60].

Another approach to acquire more information in a single MALDI experiment is
by combining it with ion mobility separation. Ion mobility induces molecular level
separations based on the collision cross section (determined by shape and size) of the
ions. The separation occurs between the ionization and mass analysis events and
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typically occurs on the microsecond-millisecond timescale. Different molecular classes
typically have different collisional cross sections and this can be exploited to separate
lipids-related ions from other ionized species such as matrix-related ions, metabolites
and peptides [111]. Furthermore, ion mobility has been shown to be capable of
separating different phospholipid classes and even allow intra-class separations based
on fatty acid chain length, degree of unsaturation and nature of binding to the glycerol
backbone (i.e,. esters, alkyl ethers and vinyl ethers) [111-113]. This allows one to
identify and distinguish certain isobaric lipids. For example Jackson et al. demonstrated
the ability to distinguish the gangliosides structural isomers, GD1a and GD1b [114].
The differentiation of more subtle variations within complex lipids, such as double bond
position, has yet to be demonstrated using ion mobility alone. It should also be noted
that as ion mobility occurs after ionization it does not alleviate ion suppression effects.
Advances in the sensitivity of MALDI-MS technology now allow lipid analysis to
be performed at the single cell level. As an example, MALDI has recently been used to
investigate the lipid compositions of single oocytes [82] and individual fly egg
chambers [69]. Ferreira et al. successfully acquired PC, SM and TAG lipid profiles
directly from intact oocytes and with sufficient signal to acquire tandem mass spectra
(MS/MS) for structural identification [82]. Human and other animal derived oocytes
were analyzed and lipid profiles found to be characteristic of species. For example,
human, bovine and sheep oocytes were dominated by PC (34:1), although bovine
oocytes showed a higher signal for several TAGs. By contrast, fish oocytes contained
significantly elevated levels of polyunsaturated lipids such as PC (38:6) and PC (40:6)
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At present, MALDI-MS is the most widely used method for the surface analysis
of lipids, but there is still room for further development. The complementary
information acquired using both positive and negative ions often requires parallel
analysis of the same sample and thus a different matrix and sample preparation step for
most efficient ionization in each polarity. It is therefore desirable to use a matrix
allowing efficient ionization in both ionization modes Although some common acidic
matrices are also capable of generating negative ions (see Table 2-1), promising results
using 1,5-diaminonapthalene [68] and acid/base doped binary matrices [115] for the
efficient ionization of lipids in both polarities have recently been reported. Additionally,
the need to place the sample inside the vacuum region of the instrument not only
complicates sample introduction but can also potentially result in the loss of volatile
analytes/matrix and change sample morphology due to dehydration. The recent
application of atmospheric pressure MALDI to the analysis of lipids can overcome this
limitation.

2.4.2

Atmospheric Pressure MALDI (AP-MALDI)
Atmospheric pressure MALDI (AP-MALDI) was first reported in 2000 [116]

and shares many similarities with conventional vacuum UV-MALDI including the use
of the same matrices. The difference stems from desorption/ionization occurring in the
ambient environment prior to ion transfer into the vacuum region of the mass analyzer.
In terms of lipid analysis one of the main advantages of AP-MALDI over vacuum
MALDI is the collisional cooling of ions (i.e., the facile removal of ion internal energy
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by collisions with a neutral gas) during transfer at atmospheric pressure that results in
less fragmentation than conventional MALDI [116, 117]. However, this phenomenon
can also lead to undesirable matrix/analyte cluster formation [116]. Other advantages of
AP-MALDI include: (i) the ability to easily interchange an AP-MALDI source with
other ionization sources; (ii) the capability to analyze compounds and alternative
matrices that are not stable under vacuum conditions; and (iii) the ease of introduction
and subsequent access to the sample plate resulting in higher throughput and the ability
to manipulate the sample during analysis. Nevertheless, AP-MALDI is generally less
sensitive than vacuum-MALDI due to ion losses during transfer from the ambient
environment into the instrument, although ion transmission efficiency can be improved
through pulsed dynamic focusing [118]. Trimpin et al. have also described a field-free
transmission geometry to improve ion transmission efficiency [119]. In this geometry
matrix is present between a glass slide and tissue section and the laser fired at the back
of the glass slide with the resulting plume carried into the mass spectrometer by
diffusion.
AP-MALDI has successfully been applied to the analysis of retinal lipids [120],
GLs [121], plant tissue [122], and animal tissue [119, 123]. Furthermore, recent
applications of AP-MALDI using tightly focused laser beams (spot size ~5-7 µm) has
allowed the lipid composition of single cells, including HeLa cells [124] and individual
cells within salamander retinal tissue [120], to be studied. Using this approach, Roy et
al. observed distinct lipids compositions within the different cellular layers of
salamander retinal tissue [120]. For example, monounsaturated and saturated lipids such
as PC (32:1) and PC (32:0) were distributed primarily in the outer and inner plexiform
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layers while polyunsaturated PC lipids such as PC (36:4), PC (38:6) and PC (40:6) were
observed mainly in the retinal pigment epithelium, outer segment and inner segment
cellular layers. Analysis of GLs by AP-MALDI is particularly advantageous as insource fragmentation during vacuum-MALDI results in the loss of the sialic acid group
[125, 126]. Collisional cooling of GLs generated by either intermediate pressure
MALDI with source pressures in the millibar range [126], or AP-MALDI [121], can
significantly reduce the extent of in-source fragmentation.

2.4.3

Infrared MALDI (IR-MALDI)
The fundamental principles of infrared MALDI (IR-MALDI) are identical to

those of conventional UV-MALDI, with the exception than an IR-laser is used:
commonly Er:YAG or OPO lasers emitting at 2.94 µm. Additionally, the spatial
resolution of IR-MALDI is typically ~100-300 µm which is lower than UV-MALDI.
The longer wavelength means matrices used for IR-MALDI can be different to those
used for UV-MALDI. At 2.94 µm the laser is coincident with the OH-stretch vibrations
of bulk water and glycerol and, as such, these are commonly used as IR-MALDI
matrices [127, 128]. The ability to use liquid matrices negates the requirement for
analyte-matrix co-crystallization, a critical step with solid UV-absorbing matrices.
Moreover, as application of organic solvents and acids is not required for the analysis,
chemical alterations of the sample surface are minimized. IR-MALDI has been coupled
to both vacuum and atmospheric pressure ion sources. Along with the obvious
advantages of an atmospheric pressure source (see AP-MALDI), AP-IR-MALDI
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permits the use of endogenous water as a matrix [129], allowing direct analysis of
samples in their natural state and with their endogenous chemical composition. Shrestha
et al. applied this approach to the analysis of mouse brain tissue and readily detected 79
lipids and metabolites, including a variety of PLs, diacylglycerides (DAGs) and
cholesterol [130]. In an earlier study, Dreisewerd et al. used intermediate pressure IRMALDI for direct analysis of rat brain tissue without an external matrix and detected a
variety of PL and GSL classes [131]. Detection of PLs and TAGs from plant material
has also been demonstrated [132, 133]. As is commonly observed in UV-MALDI,
fragmentation of the PC headgroup is also a feature of IR-MALDI
IR-MALDI is particularly advantageous for the analysis of lipids separated on
TLC plates due to the high penetration depth of the laser (typically several microns)
[134]. This is much greater than laser penetration depths achieved using UV-MALDI
(~50-200 nm) [135], and leads to the sampling of much more material per pulse in the
former technique. However, it is important to note that the same effect can lead to rapid
sample depletion and also increase the likelihood of silica contamination of the ion
source. TLC/IR-MALDI has been successfully demonstrated for the direct analysis of
TLC-separated lipid mixtures consisting of PLs [136] and GSLs [137, 138]. Rohlfing et
al. readily detected cardiolipin, PG, PE, phosphatidic acid (PA), PC and SM after
spotting glycerol onto the bands of interest [136]. Detection limits of 5 and 50 ng were
determined for SM and PG in positive ion mode, respectively. A disadvantage of this
approach was the detection of individual lipids as multiple ion signals including
[M+H]+, [M+Na]+, [M+K]+ and even glycerol adducts. This adduct formation results in
unnecessarily complex spectra with lower signal-to-noise, even when only a few unique
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lipids were present at a given sampling spot. Glycerol adducts have also been observed
for GL analysis in negative ion mode [137], and are attributed to the use of an elevated
pressure ionization source and associated collisional cooling of the adducts. The use of
an elevated pressure ion source (0.1-0.5 mbar), in combination with IR-MALDI, was
also found to greatly reduce the extent of in-source fragmentation and lead to the
primary observation of intact gangliosides with a reported GM3 detection limit of 50 ng
for GM3. Material ablation by IR-MALDI has recently been utilized to transfer lipids
from a tissue section onto a nitrocellulose substrate for subsequent UV-MALDI analysis
[139]. This has the advantage of minimizing alkali adduct formation and can also allow
pre-concentration of surface-bound lipids prior to secondary analysis.
Despite the aforementioned advantages, IR-MALDI has not experienced the
same level of popularity as UV-MALDI. One possible reason may be that the greater
amount of material ablated with IR-MALDI per laser pulse makes it difficult to
implement on instruments designed for UV-MALDI operating at high vacuum with
high field strengths [140, 141]. Nonetheless, the ability to use endogenous water as a
matrix makes IR-MALDI particularly well suited for the analysis of lipids directly from
tissues without an external matrix. In addition, the greater laser penetration depth means
IR-MALDI is also well suited for analysis of TLC plates using a glycerol matrix, while
there are also numerous reports of successful application of intermediate and
atmospheric pressure sources [130, 132, 133, 136-138].
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2.4.4

Laser Desorption with ESI Post-Ionization
In recent years a variety of laser desorption techniques coupled with post-

ionization by ESI have been developed, namely matrix-assisted laser desorption/
electrospray ionization (MALDESI) [142], laser ablation electrospray ionization
(LAESI) [143] and electrospray laser desorption/ionization (ELDI) [144]. These
methods are closely related and differ only by the use of an IR-laser (LAESI), UV-laser
(ELDI) or an external matrix (MALDESI). These approaches serve to make use of the
dominant production of neutral species during laser desorption by capturing the plume
and ionizing neutral species within an electrospray orientated perpendicular to the laser
beam, leading to enhanced ion yields. The electrospray is generated by infusing a polar
solvent through a small diameter capillary to which a high voltage is applied. The high
electric field created at the capillary tip leads to the creation of a fine spray of charged
droplets (the electrospray) [21]. As these charged droplets intersect the abated plume,
desorbed molecules become solvated and eventually form intact, gas-phase ions upon
solvent evaporation. A schematic diagram of the LAESI process is shown in Figure
2-1(b). Alternatively, the plume can be captured in a suspended droplet above the
irradiated area and subsequently subjected to ESI analysis [145]. These techniques have
been applied to the analysis of lipids (mostly PLs) from a variety of substrates including
tissue [130, 146-148], cell pellets [149] and chicken egg yolk [142]. The LAESI
approach has found application for single cell analysis [150, 151]. Single cells (plant
and human cheek cells) were first targeted by optical microscopy and then ablated by a
2.94 µm laser pulse focused though a glass optical fiber tip. The focused laser produced
ablation areas of 30-40 µm in diameter, allowing for the targeted analysis of the large
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individual cells with dimensions of ca. 300 x 50 µm. The plume was then ionized by
ESI, leading to the detection of metabolites in addition to the tentative detection of
several DAGs and monoacylglycerides (MAGs). The ability to detect molecules from
single cells highlights the excellent sensitivity that can be achieved with this method.
Although not yet widely applied to lipid analysis, LAESI is a promising approach for
the detection of intact lipids from single cells under ambient conditions without an
external matrix. With the ability to accurately target an individual cell within a tissue,
this approach (and indeed other laser-based methods) may be capable of investigating
changes in the cellular lipidome with changing micro-environment (i.e., position in
tissue), although tighter laser focusing will be required for such analyses of smaller
mammalian cells.

2.4.5

Matrix-Free Laser Desorption/Ionization Approaches
MALDI has proven to be an extremely successful method for surface analysis of

lipids. However, the need to apply a matrix leads to the production of matrix-related
ions which can complicate the interpretation of the spectrum. It also introduces an
additional sample preparation step and thus represents a limitation of the technique. As
such, there has been interest in the development of methods that permit soft laser
desorption/ionization from surfaces without a matrix. These techniques use an active
nanostructured surface to couple the laser energy to the desorption/ionization of
analytes present on the surface [152]. These surfaces are typically composed of carbon
or silicon and replace the standard MALDI target plates. Once the sample is mounted
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upon the surface it is usually analyzed by traditional vacuum MALDI instrumentation.
A variety of similar approaches have been described including desorption/ionization
from porous silicon (DIOS) [153], nanowire-assisted laser desorption/ionization
(NALDI) [154], nanostructure-initiator mass spectrometry (NIMS) [155] and graphiteassisted laser desorption/ionization (GALDI) [156], with the primary difference
between the techniques being the type of substrate. Additionally NIMS uses a porous,
nanostructured silicon substrate doped with an “initiator” molecule, typically siloxanes
or silanes [155, 157]. The primary advantage of these techniques compared to standard
MALDI is the production of significantly fewer matrix-related ions in the resulting
spectrum, greatly simplifying the detection of low mass compounds such as FFAs [158,
159]. Here we will focus on the two most recent methods, NALDI and NIMS (Figure
2-1c). For optimal detection these require lower laser fluence than that deployed in
traditional UV-MALDI, suggesting the nanostructured surface is more efficient at
coupling the laser energy to the target substrate while minimizing in-source
fragmentation of ionized analytes. Furthermore, where direct comparisons are available,
these approaches can provide equal to or greater sensitivity than MALDI [153, 160162].
NALDI uses silicon nanowire substrates and was first reported in 2005 [154,
163]. Depending on the nanowire structure, NALDI can produce ions with lower
internal energies than can be achieved with either MALDI or DIOS approaches [154].
Along with minimizing analyte fragmentation, the lower laser energy also produces
very few surface-related background ions. This enhancement may result from the
focusing of laser energy at the tips of the nanowires, more efficient heating of the
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sample/surface, or a combination of the two. NALDI has been used for the analysis of a
variety of lipids including PLs, TAGs, DAGs and FFAs derived from both standards
and biological extracts [158, 164-166] in addition to PLs from tissue sections [167] and
gecko footprints [168]. To highlight the sensitivity improvements that can be achieved
with NALDI, Muck et al. demonstrated a 200-fold increase in signal for analysis of
TAG (16:0/16:0/16:0) doped with lithium relative to analysis of an equimolar solution
by conventional MALDI using LiDHB as the matrix [158].
Desorption/ionization in NIMS occurs following irradiation of adsorbed analytes
usually by a UV-laser, although ion beams (see Chapter 2.5) also been used [155]. This
induces rapid heating of the surface causing initiator molecules to vaporize and induce
desorption and ionization of surface-bound analytes. In a direct comparison of MALDI,
ESI and NIMS for the detection of lysophosphatidylcholine (16:0), NIMS was capable
of detecting as little as 5x10-17 moles whereas MALDI and ESI were found to have
>10-15 mole limits of detection [155]. NIMS has been successfully employed for the
analysis of a range of compounds such as metabolites and various lipids including PLs,
GSLs and sterols, from a range of complex samples including blood, urine, saliva, and
even single cells with greater sensitivity than MALDI [155]. Direct tissue analysis of
PLs and cholesterol has also been demonstrated [169, 170]. For example, Lee at al.
have described the use of NIMS for the detection and imaging of lipids from mouse
brain tissue [170]. 5 µm thick tissue sections were prepared and placed onto the NIMS
surface and then directly analysed with a commercial MADLI system. A variety of PC
lipids were readily detected and alterations in lipid composition across the tissue
allowed a variety of brain regions to be readily resolved, including glial and neuronal
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cell enriched regions. Results were also supported by histological staining. It is
important to note that direct tissue analysis by any of the matrix-free methods described
above requires thin sections (<12 µm) to facilitate transmission of the laser pulse
through the tissue to the active surfaces. However, this can require more stringent
sample preparation requirements and some tissue types may not be well suited for
preparing such thin slices. In some cases direct laser desorption of biological samples
can be performed without an external substrate. Recently Yew et al. [171] described the
direct UV-laser desorption from insect cuticles. It is believed that the microstructure of
the insect body itself acts as the active surface facilitating analyte desorption/ionization
[172]. Direct laser desorption from insect cuticles was used for detection of endogenous
alkene-based pheromones and TAGs [171, 172].
The ability to softly ionize and detect lipid molecules from tissues and extracts
with greater sensitivity and in the absence of interfering background ions using matrixfree soft laser desorption/ionization is an exciting development. Perhaps the major
obstacle preventing a wider uptake of these methods is the need to fabricate suitable
surfaces. Increasingly however, these surfaces can be prepared using well described
protocols and NALDI substrates are now commercially available. Additionally, the
demonstration of naturally occurring substrates, such as insect cuticles, can further
increase the accessibility of these approaches.
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2.5

Secondary Ion Mass Spectrometry (SIMS)
In secondary ion mass spectrometry (SIMS), a sample surface under high

vacuum is bombarded with an energetic primary ion beam (typically 1-40 keV).
Samples are usually mounted onto steel, glass or silicon substrates. As the ion beam
strikes the surface a collisional cascade involving atoms and molecules within ~10 nm
of the surface is initiated, ultimately leading to ejection of material from the surface
[173, 174]. The released material consists of neutrals, electrons and ionized species.
These so-called secondary ions typically represent less than 0.1% of the total ejected
material. The ion beam can be focused down to ~100 nm (in the case of atomic ion
sources) [175], allowing the spatial distribution of surface molecules to be investigated
with resolution far beyond that possible with laser and spray-based methods. Although,
for the analysis of tissue and cells, due to sensitivity reasons larger beam sizes (>200
nm and dependant on the ion source) are commonly used. SIMS does not require the
application of a matrix, although use of MALDI matrices and other surface treatments
can lead to significant improvements in sensitivity (see later). Nonetheless, careful
sample preparation of biological surfaces such as tissue and cells is critical. Care must
be taken to ensure deformation due to dehydration of the sample occurs when it is
introduced into the vacuum region. Care must also be taken when mounting/preparing
samples to ensure no height profile artifacts are introduced. Additionally, particularly
when analyzing single cells, proper preparation of cells on the substrate is critical to
avoid analyte delocalization [176]. Methods for the preparation of biological samples
for SIMS have been covered in a recent review by Passareli and Winograd and usually
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involve cryofixation, sectioning and freeze drying for tissue and frozen hydration for
cells [35].
SIMS experiments can be performed in either static or dynamic mode, although
static SIMS is used almost exclusively for lipid analysis [35]. Static SIMS uses primary
ion fluxes less than 1013 ions.cm-2 usually generated with a pulsed ion beam. Under
static SIMS conditions less than 1% of the surface molecules are exposed to the ion
beam. This minimizes the chance of analyzing the same region twice, thus increasing
the probability of detecting molecular ions, as each new region has not been damaged
by a prior beam impact. Even under these conditions, the energetic desorption process
often results in extensive molecular fragmentation. This means that intact lipids are
seldom observed using atomic ion sources, although the development of cluster ion
sources has helped to reduce this effect (see below). As a result SIMS is not suitable for
the
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biological

tissue

and

extracts,

for
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“softer”

desorption/ionization approaches such as MALDI and DESI (see Chapter 2.6.1) are
much better suited. Nonetheless, the unique ability of SIMS to acquire spatially
resolved molecular information at sub-micron resolution (compared to laser-based
methods with typical resolutions of 25-200 µm) has brought about interest in SIMS for
lipid analysis, in particular imaging of tissue sections and single cells.
Early SIMS experiments used atomic ions sources such as Ar+, In+ and Ga+,
however analysis of biological compounds resulted in extensive molecular
fragmentation and suffered from low secondary ion yields. Despite this, lipid classes
could be detected even from single cells by virtue of class-specific fragment ions such
as the phosphocholine fragment at m/z 184 that is characteristic of PC and SM [17741
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179]. In one study an indium primary ion beam focused to a 200 nm diameter was used
to study lipid changes observed in the fusion region during tetrahymena mating [177].
Cells were prepared by cryogenic freezing and freeze-fracturing under high vacuum
conditions, thus ensuring the cell structure was maintained for analysis. The relative
abundance of several lipid-related fragment ions, namely: m/z 69 (C5H9+), a
hydrocarbon fragment characteristic of total phospholipid; m/z 184 characteristic of PC
and SM; and m/z 126 characteristic of 2-aminophosphonolipid (2-AEP), was mapped as
a function of position within the mating cells. While total phospholipid content did not
show a significant alteration in the mating region relative to the cell bodies, a decrease
in PC was observed in the junction region of the mating cells (average decrease of
67±7% between the cell bodies and conjugation junction across 8 samples). This
decrease in PC in the junction region correlated with a relative increase in 2-AEP, as
observed both by principal component analysis (PCA) and a relative increase in the
characteristic 2-AEP-related ion within the junction region. A common observation
using tightly focused atomic ion sources for the analysis of biological surfaces is the
low bio-molecular ion yields [180]. As a result, care must be taken when making
conclusions based on ion abundances. In this study, the observation of similar trends in
multiple samples, in addition to similar observations with PCA, increases confidence in
the analysis.
The advent of cluster ion sources generating primary ions such as Au3+, Bi3+ and
C60+ has significantly increased the utility of SIMS for intact lipid analysis [181-183].
Cluster ion sources generate a significant increase in the amount of material ejected
from the surface upon projectile impact, thereby providing more material for the
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analysis. In addition, they also lead to higher ion yields, reduced surface damage and
enhanced observation of intact lipid ions relative to ionic fragments [180, 181, 184,
185]. In the case of C60+, the reduced surface damage allows a stable, prolonged ion
signal at a fixed sampling position and enhanced signal with acquisition using higher
ion fluences, thereby allowing analysis of a larger portion of the sample area [185]. As
the cluster breaks up upon surface impact the initial energy is spread across multiple
smaller fragments, and unlike atomic sources, cluster ions are capable of depositing a
significant portion of the cluster energy close to the surface [186]. These effects are
responsible for the softer desorption/ionization processes observed with cluster ion
sources. The higher secondary ion yield and lower extent of fragmentation produced by
C60+ ion beams [180] results in them showing much promise for the analysis of intact
lipids. The higher secondary ion yield and lower extent of fragmentation produced by
C60+ ion beams [180] shows promise for the analysis of intact lipids.
To highlight the enhanced molecular sensitivity offered by C60+, Ostrowski et al.
compared the intensity of lipid-related ions obtained from C60+ and Ga+ ion sources and
found 70-1000 fold signal enhancement for the C60+ ion source with the degree of
enhancement dependant on lipid class [184]. In another study, rat brain tissue was
analyzed using both Au+ and C60+ ion sources [185]. The C60+ ion source allows the
detection of cholesterol (m/z 369 and 385) and a range of intact phospholipids from m/z
700-800 with a significantly higher signal than that obtained from the Au+ source
(Figure 2-4). In a similar analysis involving rat cerebellum using a Bi3+ cluster source,
intact ions corresponding to cholesterol, PC and GalCer lipids were observed [187].
Lipid classes detected as intact ions from mammalian tissues include PLs, glycerolipids,
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fatty acids, sterols, prenol lipids and sphingolipids [35]. However, not all species in
each class have been detected. For example, intact PE and cholesterol esters have not
been detected by SIMS, most likely due to the facile loss of the PE head group and
cholesterol ester chain, respectively. Although intact PE lipids have been detected by
MALDI, loss of the headgroup has also been reported [98]. Detection of intact lipid ions
using SIMS from single cells is more challenging, largely due the limited amount of
material available for analysis. Unlike softer ionization methods applied to single cell
analysis, often only class-specific fragment ions are observed making it to difficult to
acquire information on individual molecular species [35].

Figure 2-4 Comparison of (a) Au+ and (b) C60+ ion beams for phospholipid detection from a rat brain
tissue section. Intact phospholipids are observed from m/z 700-800. Image adapted with permission from
reference [185].

In efforts to improve the ion yields obtained by SIMS and to enhance its
capability for bimolecular analysis, several surface treatment methods, namely matrixenhanced SIMS (ME-SIMS) and metal-assisted SIMS (Met-SIMS), have been
developed. ME-SIMS requires the sample be coated in a MALDI matrix such as DHB
[188-190], which leads to both enhanced ion yields and softer ionization. ME-SIMS
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spectra resemble those acquired by MALDI, suggesting that gas-phase charge transfer is
a contributor to the enhanced ion yields [191]. An important advantage of ME-SIMS is
the ability to detect intact lipids using atomic ion sources such as indium instead of the
more expensive cluster ion sources [189, 191]. Complications associated with MESIMS arise from the matrix application which can lead to analyte delocalization, hotspots associated with matrix crystallization and a reduction in spatial resolution
dependent on the matrix crystal size [192]. Furthermore, the matrix produces ions that
can interfere with lipid detection. Ionic liquid matrices have been shown to eliminate
hot-spots as no crystallization occurs, and can provide up to a 1000-fold increase in
sensitivity relative to native samples for the detection of intact PC, PE and cholesterol
[193].
Met-SIMS involves the coating of the sample with a thin layer of metal (~1 nm)
such as gold or silver [194, 195]. As no solvents are used, Met-SIMS provides enhanced
biomolecular ion yields without delocalization. Analysis of rat kidney tissue coated with
a thin layer of silver and ionized with a Ga+ ion beam revealed enhanced cholesterol
detection with sub-cellular resolution [195], while positive ion analysis of rat brain
tissue using Bi+ and Bi32+ beams resulted in enhanced detection of positive ion
cholesterol and intact PLs when the tissue was coated with gold [194]. Interestingly,
negative ion analysis using Bi3+ produced higher signal intensity from untreated tissue
sections, highlighting a disadvantage of Met-SIMS - namely the difficulty in predicting
which ions will be enhanced. Analysis of single neuroblastoma cells using gold MetSIMS with an

115

In+ beam reveals many ions up to m/z 1200 that are detected from the

cell surface [196]. Of these, only cholesterol and a DAG could be identified due to
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extensive adduct formation with the coating material. Nonetheless, the ability to detect
intact biomolecules from tissue and cells is an important development towards the
improved capability of SIMS for direct lipid analysis.
The capabilities of SIMS for lipid analysis have recently been further enhanced
with the development of new time-of-flight instrumentation allowing MS/MS
acquisition, high mass resolving power and greater compatibility with continuous
cluster ion sources by decoupling the mass spectrometric analysis from the desorption
event [197-199]. Traditional time-of-flight SIMS instruments required short
(nanosecond) ion beam pulses to ensure high mass resolution. This came at the cost of
duty cycle and analysis time and thus made them incompatible with continuous cluster
ion sources. Furthermore, the inability to acquire MS/MS spectra severely limited the
ability of such systems to identify ions. These recent advances allowing both high mass
resolving power and MS/MS acquisitions have greatly improved the ability to identify
unknown lipids and resolve signals from molecular species with the same nominal
mass. Despite these advances and unrivalled spatial resolution, SIMS does not enjoy the
popularity of MALDI, or ambient ionization approaches such as DESI, as a routine
method for lipid analysis. The often extensive fragmentation observed is a likely
contributor to this as it limits the ability to acquire comprehensive molecular lipid
profiles. Moreover, the low ion yields, particularly at high spatial resolution, may limit
the ability to identify many lipids through MS/MS. While ME-SIMS and Met-SIMS
may partially resolve this issue they introduce additional sample preparation steps.
Nonetheless, SIMS is currently the only MS-based method providing sub-micron spatial
resolution and allowing the distribution of lipids across a cell surface, including 3-D
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lipid distributions, to be investigated [176], and thus represents an important tool for
lipid analysis.

2.6

Liquid Extraction and Spray-Based Methods
In this section we describe methods that rely on the liquid extraction and

subsequent ionization of surface-bound analytes. Ionization either occurs concomitant
with the extraction (spray-based methods) or subsequent to the extraction step (liquid
extraction methods). Importantly, in all approaches analysis is performed under ambient
conditions, thus reducing analysis times and simplifying sample introduction. An
important attribute of these approaches is the continuous generation and introduction of
ions into the mass spectrometer, in contrast to the pulsed ion generation achieved with
most laser-based and ion beam approaches. This makes liquid extraction and spraybased methods well suited for coupling with many different mass analyzers and more
amenable to MS/MS experiments. This is advantageous for both detailed structural
analysis as well as comprehensive lipid profiling incorporating the precursor and neutral
loss scans commonly deployed in conventional shotgun lipidomics [26]. These targeted
MS/MS scans allow the sensitive detection of lipids with a particular structural motif
(i.e., headgroup or fatty acyl composition), and are achieved by the detection of either a
characteristic ionic fragment (precursor ion scan) or the corresponding loss of a neutral
fragment (neutral loss scan). ESI is by far the most common ionization method,
however others such as atmospheric pressure chemical ionization (APCI) have been
demonstrated. These approaches are also compatible with most commercial instruments
with the only modifications required being those for the initial liquid extraction step.
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2.6.1

Desorption Electrospray Ionization (DESI)
Desorption electrospray ionization (DESI) was the first of the spray-based

surface analysis methods to be described and is arguably the most widely used ambient
ionization technique [37]. DESI analysis is performed under ambient conditions using a
pneumatically assisted electrospray directed at the surface of interest. Charged droplets
impinge the surface where they facilitate analyte dissolution and generate secondary
droplets containing dissolved surface-bound analytes (Figure 2-5a). These droplets are
scattered off the surface under the influence of the nebulizing gas, with the analytes
subsequently ionized by ESI-type mechanisms involving solvent evaporation and
charge retention. The main strengths of DESI stem from its ability to directly analyze
surfaces under ambient conditions with minimal sample preparation, while also
allowing the soft ionization of biomolecules such as lipids and proteins. The achievable
spatial resolution is determined largely by the diameter of the spray at the surface and is
typically 200-500 µm, although spatial resolutions as low as ~40 µm have been reported
under certain conditions [200, 201].

Figure 2-5 Schematic representations of (a) desorption electrospray ionization (DESI), (b) liquid
extraction surface analysis (LESA) and (c) probe electrospray ionization (PESI).
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Fluid dynamics simulations have been employed to elucidate the precise
desorption mechanisms of DESI [202, 203]. A droplet-pickup mechanism is accepted as
the dominant mechanism responsible for DESI. Costa et al. [202] revealed that as
charged droplets are directed at the surface an initial thin solvent layer is formed. This
solvent layer extracts and dissolves surface analytes. The continuous flow of droplets at
the surface leads to the release of secondary droplets containing liquid from both the
incoming droplets and the liquid film containing the analyte(s) and it is from these
droplets that gas-phase analyte ions are created and analyzed.
Owing to its ability to readily desorb and ionize lipids from a variety of surfaces
including glass, poly(methyl methacrylate) and polytetrafluoroethylene (PTFE) [204],
tissue sections [51] and silica TLC plates [205, 206], lipid analysis has become one of
the most popular applications of DESI. Early studies focused on optimization of solvent
composition and surface structure to enhance the sensitivity of lipid detection from
standards and extracts [204]. It was found that 1:1 methanol:water mixtures and PTFE
surfaces provide the highest and most stable signal for deposited lipids in both positive
and negative ion modes. This was attributed to the larger spray diameter using
methanol/water mixtures resulting in a larger desorption area.
Table 2-2 lists the major lipid classes and corresponding surfaces analyzed by
DESI-MS. Most major lipid classes have been successfully detected with DESI, with
one notable exception being wax esters. With the exclusion of cholesterol, which is
commonly detected as the [M+H-H2O]+ ion, all other classes can be detected as intact
ions with little fragmentation. While many studies have used DESI for the analysis of
lipid mixtures (extracts and tissues sections), it is crucial to note that DESI is still
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subject to the same ion suppression effects arising from abundant fixed charge PC and
SM lipids that were previously described for MALDI. Recent analysis of human lens
tissue by both MALDI [40] and DESI [207] however, may indicate that under typical
conditions DESI is less susceptible to these effects than MALDI and thus allows
detection of a wider variety of lipid classes in a single acquisition. For example, positive
ion mode MALDI (using DHB as the matrix) detected only SM, ceramide (Cer) and
cholesterol lipids whereas DESI (using 4:1 MeOH:H2O + 0.05% hydrochloric acid as
the spray solution) detected SM, Cer, Cer1P, PE, LPE, PS, LacCer and cholesterol.
Table 2-2 Lipid classes detected from various surfaces by DESI-MS.
Lipid Class

Sample/Surface

Sub-Classes
Detected (polarity)

Reference

Phospholipids
(pos)

Tissue sections
PTFE (standards and extracts)
Glass (standards, extract, whole bacteria)
TLC silica

PC, SM, PE, PS(+)
PC(+)
PC, SM, PE(+)
PC, SM(+)

[207-210]
[204, 206]
[204, 211, 212]
[206]

Phospholipids
(neg)

Tissue sections
PTFE (standards and extracts)
Glass (standards, extract, whole bacteria)
TLC silica
Tissue sections

[208, 210, 213, 214]
[204, 206]
[204, 211, 212]
[205]
[207, 208, 215]

[223]

Cholesterol

Glass (standards, serum, cod liver oil)
Tissue sections

PS, PI, PE, PG(-)
PC, PS, PE, PI(-)
PE, PG, PI(-)
SM, PC, PI, PE, PS(-)
Cer(+), LacCer(+),
GalCer(+) ST(-)
ST(-)
LacCer(+), ST(-), GL(-)
TAG(+)
DAG(+), TAG(+)
DAG(-)
(+)
(+)

Cholesterol
Esters

Tissue sections

(+)

Fatty acids

Tissue sections

Sphingolipids
(other than SM)
Glycerolipids

PTFE
TLC silica
Glass (olive oil)
Tissue sections

[204]
[205, 206, 216]
[217]
[218, 219]
[220]
[221]
[207, 221, 222]

(-) (including
[213, 214, 220]
eicosanoids)
(-)
PTFE
[224]
(+) (FFA, ethyl esters
PTFE, paper
[219]
and prostaglandins)
Cer, ceramide; DAG, diacylglyceride; FFA, free fatty acid; GalCer, galactosylceramide; GL, ganglioside; LacCer,
lactosylceramide; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; PTFE, polytetrafluoroethylene; SM, sphingomyelin; ST, sulfatide;
TLC, thin-layer chromatography.
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The ability to use the same spray solution for acquisition of both positive and
negative ion data is advantageous when compared to MALDI, which often requires
different matrices for most efficient ionization with each polarity. The spray can also be
doped with a small amount of acid or salt to aid ionization. Examples of this include
sodium or ammonium salts for detection of TAGs [217], ammonium formate for
analysis PC and SM in negative ion mode [204] and silver ions for olefins [219]. In the
latter study, the addition of silver nitrate to the DESI spray gave an order of magnitude
increase in sensitivity for the detection of unsaturated FFAs, fatty acid esters and
prostaglandins from a PTFE substrate as [M+Ag]+ ions when compared to the
corresponding ions generated with an undoped spray. Additionally, this approach
allowed the detection of FFAs and TAGs in positive ion mode from dog bladder tissue.
By contrast, a previous study using 1:1 acetonitrile:water spray solution for the analysis
of the same tissue type did not reveal the presence of TAGs [214].
The composition of the spray can also be manipulated by adding a reagent that
selectively reacts with a target analyte and enhances its detection. This is referred to as
“reactive DESI” [225-229] and it has been used for the detection of cholesterol and
other hydroxyl-functionalized non-polar lipids such as steroids and some vitamins. Due
to its low polarity and lack of ionizable functional groups, intact cholesterol is not
readily observed by electrospray-based methods. Wu et al. [221] doped betaine
aldehyde into the spray solution which upon desorption from the surface (PTFE, glass
and tissues section) reacted with cholesterol within the micro-droplets. The reaction
produces a hemiacetal with a fixed-positively charged trimethylammonium group and
provides a 0.5 ng detection limit for cholesterol. Figure 2-6(a) shows a reactive DESI
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experiment on a rat brain allowing simultaneous detection of intact cholesterol and
phospholipids. This approach has also found success for the rapid quantitation of
cholesterol in human serum deposited onto glass [221]. In this analysis quantitation was
performed using standard addition with known amounts of cholesterol and d7cholesterol doped into the serum samples. This resulted in a relative standard deviation
of 1.2-6.4 % and calculated cholesterol quantities comparable with more established
gas-chromatography and ESI-MS approaches. When coupled with discharge-induced
oxidation, reactive-DESI has also proven effective for the analysis of saturated
hydrocarbons where in situ oxidized hydrocarbons react with doped betaine aldehyde
[230]. The detection of hydrocarbons from a vacuum oil distillate using this technique is
shown Figure 2-6(b).

Figure 2-6 Reactive DESI mass spectra obtained using betaine aldehyde (BA) doped into the spray
solution acquired from (a) a rat brain section where intact cholesterol is observed at m/z 488 and (b) a
vacuum gas oil distillate deposited on glass. Saturated hydrocarbons are detected following in situ
discharge-induced oxidation and reaction with BA. Images adapted with permission from references [221,
230].
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The ability to simply deposit biological material and analyze it in the open
environment by DESI allows the rapid lipid profiling of biological samples. This
approach has been utilized for the rapid analysis of micro-organisms such as bacteria
[211, 231]. Zhang et al. investigated four different strains of bacteria by simply
depositing several microlitres of a bacterial suspension onto a glass slide and
subsequent analysis by DESI-MS [211]. Using a 1:1 water:methanol (v/v) spray
solution a variety of PLs could be detected including PG, PE and FFAs. DESI mass
spectra were compared to those obtained following ESI-MS analysis of a lipid extract
from the same bacteria samples and were found to be similar, although extraction and
analysis by ESI gave an enhanced signal by two-orders of magnitude. Nevertheless, by
removing the extraction step the overall analysis time for DESI was significantly
reduced. By combining DESI analysis with principal component analysis (PCA) it was
shown that the lipid profiles alone were sufficient to not only allow simple
differentiation of different bacteria species, but also sub-species. Recently Ferreira et al.
have extended lipid fingerprinting analyses into the realm of single cells [232]. Single
mouse and bovine oocytes were selected and deposited onto glass slides and directly
analyzed by DESI-MS. Lipids such as PC, PS, PI, SM and FFAs were readily detected
as [M-H]-, [M+Cl]- or [M+CHO2]- ions. Signal enhancement was observed by the
addition of 1% formic acid to the spray solution which facilitated the breakdown of the
zona pullucida protective layer on the surface of the oocyte, thereby enhancing lipid
extraction during the desorption step.
Direct analysis of tissue sections has been widely explored with DESI and the
detection of most major lipid classes has been demonstrated (Table 2-2). Analogous to
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MALDI, direct analysis of tissues sections in positive ion mode detects lipids as
[M+H]+, [M+Na]+ and [M+K]+ ions, although the addition of salts or acid to the spray
can help ameliorate this effect. Many of the direct tissue studies by DESI have focused
on characterizing differences in the lipid profile of diseased and healthy tissue in an
attempt to find lipid biomarkers for disease resulting from altered metabolism in the
diseased tissue [209, 213-215, 233-235]. Wiseman et al. investigated the positive ion
lipid profile of metastatic human-liver adenocarcinoma tissue and observed a variety of
PC and SM lipids as multiple adducts [209]. The non-tumor region was found to be rich
in 16:0-containing phospholipids whereas the transition area between tumor and nontumor contained significantly more unsaturated PLs. Furthermore, the tumor region had
elevated levels of SM (d18:1/16:0), which could suggest a dysfunctional ceramidemediated apoptosis pathway. Eberlin et al. have shown the diagnostic potential of DESI
by demonstrating the ability to distinguish subtypes and histological grades of human
brain tumor (oligodendroglioma, astrocytoma, and oligoastrocytoma) [213]. This was
accomplished using only the negative ion lipid profile consisting of FFA, PE, PS, PI and
ST lipids. Negative ion data was analyzed using multivariate statistical methods and
allowed the distinction between tumor sub-type, grade and tumor cell concentration
within a given tissue section based on the full-MS profile rather than several m/z
channels which is sometimes insufficient for accurate diagnosis [233]. Diagnosis based
on DESI-MS was also supported by histological data.
A drawback of tissue analysis by DESI compared to MALDI and SIMS is that
the former results in a larger degree of tissue damage. It has been observed for human
lens tissue that lipids are only detected when the DESI spray physically disrupted the
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tissue [207]. It is often desirable to obtain complementary information such as
histological data on the same tissue section to allow direct comparison between data
sets. However, the disruption of the tissue surface by standard DESI sprays makes this
difficult. To overcome this, Eberlin et al. [236] described the use of binary solvent
systems containing dimethylformamide and either ethanol or acetonitrile that allow
acquisition of high quality mass spectral data with minimal tissue damage. These spray
solvents have been employed to acquire DESI, MALDI and hematoxylin and eosin
staining data on the same tissue section, thus allowing direct correlation of lipid, protein
and histological data, respectively [237].
DESI too has been coupled with TLC analysis for the analysis of porcine brain
[205] and human lens lipids extracts [206]. In the latter study, TLC/DESI was
performed following separation and oxidation of surface exposed unsaturated lipids by
ambient ozone (~20 ppb). Upon oxidation each unsaturated lipid yields a low mass
aldehyde and hemiacetal ion with a mass characteristic of double bond position. This
allows the lipid composition to be probed while also differentially detecting double
bond positional isomers. This approach can thus provide complementary information to
that obtained by CID that readily reveals headgroup structure and the length and degree
of unsaturation of the fatty acid chains. For example, Figure 2-7(a) shows a CID
spectrum of [SM (d18:0/24:1)+Na]+ from a human lens lipid extract. The spectrum
reveals product ions identifying the phosphocholine headgroup but provides no
additional information about the nature of the 24:1 chain. In contrast, analysis by
TLC/DESI following exposure to ambient ozone for one hour reveals three sets of ions
that allow identification of three distinct double bond isomers of SM (d18:0/24:1)
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namely, those with double bonds at the n-9, n-7 and n-5 positions (Figure 2-7b).
Identical double bond isomers were also observed for LacCer (d18:0/24:1), suggesting
that their presence is an intrinsic property of the ceramide core structure within the
human lens. Interestingly, this is the first report of n-5 LacCer (d18:0/24:1) in any
mammalian tissue. Although the resulting spectra acquired following ozonolysis are
complex - with both oxidized and unoxidized lipids present - oxidation products could
be assigned to their specific lipid precursor based on their co-localization on the TLC
plate. TLC/DESI can also be performed directly on thin tissue sections placed on the
TLC plate where the mobile phase extracts and separates lipids in one step, negating the
need for off-line extraction. Using this approach Wiseman et al. revealed the detection
of GLs, STs and PLs separated from a 16 µm rat brain section [216].

Figure 2-7 (a) Collision-induced dissociation (CID) spectrum of [SM (d18:0/24:1)+Na]+ acquired from a
human lens extract on a TLC plate. (b) DESI-MS spectra acquired from the region of a TLC containing
sphingomyelins (SM) following separation of a human lens lipid extract. The most abundant unsaturated
SM, [SM (d18:0/24:1)+Na]+, is labeled with “*”. Ozonolysis products arising from [SM
(d18:0/24:1)+Na]+ are also labeled.  = ozonolysis products originating from the n-9 isomer.  =
ozonolysis products originating from the n-7 isomer. ● = ozonolysis products originating from the n-5
isomer. Figure (b) adapted with permission from reference [206].
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2.6.2

Easy Ambient Sonic Spray Ionization (EASI)
Easy ambient sonic spray ionization (EASI) is based on sonic spray ionization

whereby analytes in solution are sprayed from a capillary under the influence of a highpressure (~30 bar) nebulizing gas without the application of a high voltage [238]. These
conditions generate micro-droplets containing an unbalanced charge distribution, that
upon solvent vaporization, produce analyte ions identical to those observed with
electrospray approaches. EASI directs the sonic-spray (typically 1:1 methanol:water
with 0.1% formic acid or ammonium hydroxide) at the surface where it desorbs/ionizes
surface-bound analytes (analogous to DESI). The main advantage of EASI is the
simplicity of the source design (no high voltage) and the production of very clean
spectra. However, it does not enjoy the popularity of DESI.
With respect to lipid analysis, EASI has been used for TAG and FFA profiling
of various vegetable and seed oils deposited onto paper and steel substrates [239-241].
Additionally, PL, TAG and FFA analysis of lipid extracts from hypertriglyceridemic
mice spotted onto paper or separated by TLC has been demonstrated [242]. In the latter
study, differences in both PL and TAG composition and FFA profiles allowed
differentiation of hypertriglyceridemic mice from control mice. Recently, a direct
comparison of EASI and DESI for the analysis of rat brain tissue has been provided
[243]. Using methanol as the spray solvent both methods produced similar lipid profiles
from gray and white brain matter, although DESI produced higher overall ion signal.
Furthermore, by comparing ion images acquired using both methods, EASI was
suggested to possess a lower dynamic range and be more susceptible to suppression
effects. These effects may be attributed to the lower charge density of the EASI
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generated spray droplets compared to DESI. Real-time analysis of tissue during
ultrasonic surgical aspiration has also been demonstrated by coupling an ultrasonic
surgical hand-piece with venturi-EASI (V-EASI) [244]. Tissue debris is collected in the
annular water jet then introduced to the V-EASI source where metabolites, lipids and
peptides are ionized and detected (Figure 2-8a). A positive ion spectra acquired from
the cortex of a porcine brain is shown in Figure 2-8(b). Positive ion analysis revealed
PC, PE and TAGs, while negative ion analysis allowed the detection of acidic PLs, STs
and FFAs. To validate the use of this approach for real-time identification of tumorous
tissue during surgery, a variety of healthy and tumorous human brain tissues were
analyzed ex vivo or post-mortem and the mass spectral data subjected to statistical
analysis. Differentiation of healthy and diseased tissue regions was readily achieved
based on altered lipid profiles, highlighting the potential use for diagnosis and real-time
surgical feedback. Similar tissue discrimination has been achieved in vivo with rapid
evaporative ionization mass spectrometry (REIMS) where lipid ionization occurs
following tissue via rapid thermal evaporation during electro- or laser-surgery [245].
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Figure 2-8 (a) Coupling ultrasonic surgery handpiece to a mass spectrometer using a V-EASI source.
Tissue debris is carried up the handpiece to the V-EASI source. (b) Positive ion spectrum of a porcine
brain cortex following tissue ablation using the ultrasonic surgery handpiece and analysis by V-EASIMS. Adapted with permission from reference [244].

2.6.3

Sealing Surface Sampling Probe (SSSP)
The sealing surface-sampling probe (SSSP) was designed initially for analysis of

aluminium backed TLC plates [246]. The device uses a stainless steel plunger with two
concentric capillaries and sharpened edges at the bottom of the probe. The inlet
capillary is connected to a HPLC pump while the outer capillary is connected to the
ionization source. To sample a region of interest the probe is pressed down into the
surface with the sharp edges penetrating the surface and forming a tight seal. The
extraction solvent flows through the inner capillary onto the surface of interest and
extracts analytes that are then carried through the outer capillary to the ionization
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source, usually ESI, although APCI has been used [247]. Solvent polarity can easily be
adjusted to enhance extraction of desired analytes so long as it is compatible with the
ionization source used. With modification, the SSSP can also be used on glass backed
TLC plates [248].
Most of the applications of the SSSP have involved pharmaceuticals or other
small molecules detected from a range of surfaces including TLC plates, tissue sections
mounted on adhesive tape and dried blood spots deposited onto filter paper [247] with
spatial resolutions of 2-4 mm (determined by the probe diameter). Currently there have
been limited applications of SSSP for lipid analysis, however in one study GLs from a
human brain extract were detected as [M-H]- ions from a TLC plate [246].
Disadvantages of the SSSP include the possibility of sample dilution resulting from the
continuous solvent flow and the need for washing steps to eliminate carry over between
samples. Nonetheless, unlike liquid extraction surface analysis (see below), the SSSP is
particularly useful for lipid analysis direct from TLC plates as it does not rely on
formation of a liquid microjunction.

2.6.4

Liquid Extraction Surface Analysis (LESA)
Liquid extraction surface analysis (LESA) extracts surface-bound analytes into a

liquid microjunction formed between the sample surface and a droplet dispensed from a
conductive pipette tip [249]. The droplet containing extracted analyte is aspirated into
the pipette tip and subsequently docked with an automated chip-based nano-ESI source
(Figure 2-5b). This approach is an evolution of the liquid microjunction surface
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sampling probe technique [250, 251]. Unlike spray-based methods, LESA allows the
time in which the solvent droplet is in contact with the surface to be adjusted, thereby
giving greater control over the extraction step. A typical LESA experiment uses only
several microlitres of solvent and coupling with nano-ESI is advantageous due to its
greater sensitivity and for allowing a single microlitre to be analyzed for over 15
minutes. Therefore, unlike methods described earlier, multiple MS and MS/MS spectra
(including precursor and neutral loss scans) can be obtained in both polarity modes,
providing a comprehensive lipid profile for each sampling region. However, successful
LESA requires some compromise in solvent selection between the ability of the solvent
to form a stable liquid microjunction on the surface of interest, extract the desired
analytes, and its ability to generate and sustain a stable electrospray. Furthermore, the
spatial resolution is determined by the probe diameter, in addition to the solvent and
nature of the surface that define the spread of the pendant droplet. In our experience,
when using solvents applicable to lipid analysis the spatial resolution is typically several
millimeters.
To date there is only one published report of lipid analysis by LESA [252]
although its suitability to lipid analysis is an active area of research in a number of
groups including our own [253, 254]. Stegemann et al. have applied LESA to lipid
profiling of human atherosclerotic plaques. Using a solvent system of 4:2:1
isopropanol:methanol:chloroform (v/v/v) with 7.5 mmol ammonium acetate, 150 lipids
were extracted and detected directly from tissue sections. Precursor ion and neutral loss
scans were used for selective detection of a range of lipid classes including PE, PS, PC,
SM, CE and TAG. Figure 2-9 shows the m/z 184.1 precursor scan (PC and SM lipids)
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and m/z 369.3 precursor scan (cholesterol esters) acquired from human atherosclerotic
plaques. Conventional lipid extracts of these tissues were also obtained and analyzed by
direct infusion nano-ESI which produced similar spectra. Lipid profiles were compared
to those obtained from human plasma and revealed that long chain polyunsaturated
cholesterol esters and some SMs were significantly enhanced in plaques. Our group has
also successfully employed LESA for the analysis of lipid deposits on worn contact
lenses in an effort to understand the origins of contact lens discomfort and spoilage.
Lipid classes detected included PC, SM, cholesterol esters, wax esters and O-acyl-ωhydroxy fatty acids [254]. These studies highlight the ability of LESA to rapidly obtain
lipid profiles directly from tissue or polymeric surfaces. However, based on our
experience and that of others [253], the solvent system described leads to significant
spreading that results in sampling areas extending over several millimeters and limits
the ability to profile different regions of a substrate if insufficiently spaced. Currently,
the lower spatial resolution is the greatest disadvantage compared to spray and laserbased approaches and thus more work is still required to develop an approach allowing
profiling of tissue sections with greater resolution. Promising results have recently been
reported by Laskin et al with spatial resolutions as low as 12 µm demonstrated using the
related nano-DESI technique [255]. Despite being described as nano-DESI, this
technique shares much in common with LESA given that extraction occurs via a liquid
microjunction formed between the surface and two capillaries followed by nano-ESI
analysis. Additionally, hydrophobic surface treatments are required if one wishes to
analyze wettable substrates such as TLC plates that do not facilitate formation of a
stable liquid microjunction [256]. Blotting onto hydrophobic surfaces such as PVDF
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membranes may be one way to overcome this limitation [60, 110]. Nonetheless, LESA
is a very promising method for the rapid profiling of lipids from biological tissue and
extracts and is likely to be utilized more heavily in the future once its potential is
realized.

Figure 2-9 Liquid extraction surface analysis (LESA) of human atherosclerotic plaque tissue in positive
ion mode. (a) Phosphatidylcholine (PC) and sphingomyelin (SM) detection using a precursor ion scan for
the phosphocholine headgroup (m/z 184.1). (b) Cholesterol ester detection using a precursor ion scan for
dehydrated cholesterol (m/z 369.3). Image modified with permission from reference [252].

2.7

Thermal Desorption and Plasma-Based Methods
Several approaches to direct sampling under ambient conditions have emerged

based on the interaction of a heated gas stream or plasma species with a surface. Such
conditions induce desorption of surface-bound analytes by either direct thermal
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evaporation or sputtering processes, while ionization of desorbed molecules is typically
initiated by mechanisms analogous to those described for APCI [257]. Accordingly,
these techniques are best suited for thermally stable, low polarity compounds that are at
least semi-volatile. As a result, complex or polar lipid analysis is not well-suited to
these techniques, whereas they have found some success for less polar or lower
molecular weight species such as TAGs, sterols and various fatty acids. Additionally,
analysis is typically performed on extracts or cells and detection of lipids from tissue
has yet to be demonstrated for most approaches.

2.7.1

Atmospheric Pressure Solids Analysis Probe (ASAP)
The atmospheric pressure solids analysis probe (ASAP) consists of a glass probe

onto which solid or liquid sample is deposited [258]. Analyte desorption occurs upon
interaction with a hot nitrogen stream. Ionization follows by APCI mechanisms
involving charge and proton exchange with intermediates such as (H2O)nH3O+ and HOgenerated by a nearby corona discharge. Protonated ions are formed with analytes
having a gas-phase basicity greater than water and deprotonated ions formed from those
with gas-phase acidities greater than water. Advantages of ASAP include simple design
and interfacing with many commercial APCI instruments. Indeed dedicated ASAP
interfaces are now commercially available on such platforms.
One area where ASAP has found success in lipids analysis has been the study of
inhibition of the ergosterol synthesis pathway in fungal cells [259]. Cells were
incubated with inhibition compounds and then directly deposited onto the probe prior to
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analysis. Using a 300°C gas flow ergosterol and its biosynthetic precursors were
detected as molecular radical cations and in some cases de-methylated radicals. By
observing the accumulation of intermediates involved in ergosterol production the effect
of specific inhibition agents could be deduced. For example, analysis of cells treated
with flusilazole resulted in detection of eburicol, suggesting inhibition of the C14demethylase step. It is important to note that APCI mechanisms are generally more
energetic than ESI or MALDI processes which can lead to greater in-source
fragmentation of lipids (as evidenced in this study with the observation of demethylated fragments) [257]. The high desorption temperatures may also result in
thermal decomposition prior to ionization.

2.7.2

Direct Analysis in Real Time (DART)
DART was described in 2005 [38] and along with DESI is one of the most

popular ambient ionization approaches. DART begins with the introduction of helium to
a glow (or corona) discharge leading to production of electrons, ions and metastable
species. Charged components are removed from the gas stream and metastable helium
atoms passed through a grid electrode with optional heating. The heated gas then enters
the ambient environment and is directed at or above the sample surface near the mass
spectrometer inlet. Analyte desorption is likely dominated by thermal evaporation
induced by the heated gas stream. Additionally, the use of IR-laser desorption coupled
with DART has also been described for enhanced resolution (~300 µm) during imaging
experiments [260]. While several possible ionization mechanisms have been proposed,
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the dominant ion forming pathways is believed to occur via interaction of metastable
helium with atmospheric components such as water and oxygen [46]. This produces
components such as protonated water clusters and O2- which then proton/charge transfer
with the analyte, analogous to APCI.
Lipid analysis using DART has so far been limited to non-polar lipids such as
fatty acid methyl esters (FAME), TAGs, cholesterol and cuticular hydrocarbons [261264]. For example, TAGs have been detected from olive oil desorbed from a glass rod,
with a ten-fold increase in signal observed by doping ammonia into the gas stream to
facilitate [M+NH4]+ ion formation [261]. However, desorption/ionization of TAGs
resulted in significant fragmentation, a phenomenon not uncommon in DART and one
that generally increases with gas temperature [265, 266]. This leads to formation of
DAG-like ions with greater abundance than ions arising from intact TAG molecules,
thereby reducing sensitivity and making detection of native DAGs difficult. Other
applications have demonstrated detection of FAMEs derived from bacterial cells
deposited onto a glass capillary in the presence of tetramethylammonium hydroxide
[262] and also hydrocarbon-based pheromones from live flies [263]. In the latter study,
sampling was performed by gently pressing a steel pin into the surface of the fly and
subsequent exposure of the pin to DART. Many unsaturated pheromones were detected
as protonated ions and differences observed between virgin males and females and
between females before and after courtship. Additionally, the probe also allowed the
spatial distribution of pheromones to be investigated simply by sampling different
regions of the fly body. For example, the sex pheromone cis-vaccenyl acetate is
involved in mate partner recognition and was found in much greater abundance on the
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rear of a male fly than the thorax region. These results provide insight into the
molecular signals associated with insect behavior. Similar pheromones have also been
observed using direct laser desorption (see Section 2.4.5). While TLC analysis is
possible with DART, it has not yet been applied to lipids [267]. If accomplished, this
can potentially provide an alternate method for detection of non-polar lipids from TLC
surfaces. However the spatial resolution afforded by the gas flow will be significantly
lower than that achieved with laser and spray approaches which may ultimately limit its
impact. Nevertheless, the development of hybrid approaches (such as IR-laser
desorption coupled with DART) may help overcome this.

2.7.3

Low Temperature Plasma (LTP) Probe
The low temperature plasma (LTP) probe uses a dielectric barrier discharge to

generate a “cold” plasma that facilitates desorption/ionization [268]. The plasma is
generated upon feeding a discharge gas such as helium, nitrogen or air through the
probe and an AC voltage (2.5-5 kV, 2-5 kHz) applied to the outer electrode generating a
dielectric barrier discharge. Unlike DART, charged components are not removed prior
to surface interaction. The plasma generated components exit the glass tube where they
are directed at the sample and exposed to atmospheric components such as oxygen and
water, ultimately leading to desorption and ionization of surface-bound analytes that
then enter the mass spectrometer [269]. The desorption mechanisms involved in LTP
are still not completely understood but likely involve thermal desorption and chemical
sputtering processes. In contrast to DART, the exiting plasma from the LTP probe is
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~30°C which minimizes thermal modification of the substrate and results in less thermal
decomposition of the analyte [268]. However, this low temperature means some heating
of the surface can be required to facilitate sufficient lipid desorption [270].
With respect to lipids, LTP has to-date only been demonstrated for fatty acids.
FFAs from olive oil and fatty acid ethyl esters (FAEE) derived from bacterial cells, both
of which were deposited on onto glass slides, have been detected [271, 272]. In the
latter study, FAEEs were detected as protonated ions using a helium discharge gas.
FAEE profiles were highly reproducible for different strains of bacteria and also
allowed species and sub-species differentiation. The inherent production of ozone by the
dielectric barrier discharge can also be exploited to provide additional structural
information for unsaturated fatty acids [270]. This has been shown for FFAs, FAMEs
and FAEEs derived from standards and bacterial cells deposited on glass. Ozone reacts
with desorbed lipids and produces characteristic aldehydes allowing double bond
position(s) to be assigned. Figure 2-10 shows LTP spectra acquired from two 18:1
FAME double bond isomers. Following ozonolysis and ionization aldehydes formed
from oxidative cleavage of (a) n-11 and (b) n-6 double bonds are clearly observed. If
not desired, oxidation can be suppressed by covering the probe with a tubular plastic
shield and a stream of helium.
While LTP, DART and ASAP are useful methods for fatty acids and TAGs,
detection of more complex lipids has yet to be demonstrated. This is likely due to the
low volatility of such species making desorption difficult. Furthermore, while using
discharge generated ozone is a simple approach for assigning double bond position in
fatty acids, it is not as effective for analysis of complex mixtures as the TLC/DESI
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approach described above, which allows spatially-resolved detection of more complex
lipids [206].

Figure 2-10 Positive ion low temperature plasma mass spectrometry (LTP-MS) analysis of two 18:1 fatty
acid methyl ester isomers with ozone produced by the dielectric barrier discharge. (a) cis-7-octadecanoic
methyl ester (n-11) and (b) cis-12-octadecanoic acid methyl ester (n-6). Image adapted with permission
from reference [270].

2.7.4

Desorption Atmospheric Pressure Photoionization (DAPPI)
Desorption

atmospheric

pressure

photoionization

(DAPPI)

uses

a

microfabricated nebulizing chip to generate a heated vapor jet (~220-350°C), consisting
of nitrogen and a doped solvent such as toluene or acetone, to facilitate analyte
desorption [273]. The jet is directed at the sample and a DC discharge lamp producing
10 eV photons is positioned above the sample. Analyte desorption occurs mostly by
thermal processes, although dissolution into the solvent may also contribute providing
some analogy with the mechanisms of DESI (see Section 2.6.1). Ionization processes
are similar to atmospheric pressure photoionization (APPI) [273-275] and can involve
direct photoionization or charge/proton transfer processes with photoactivated dopants.
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Thermally insulating materials such as PTFE and poly(methyl methacrylate) have been
found to be the most effective substrates, although detection has been achieved from a
range of surfaces [274].
Like the aforementioned plasma and thermal desorption methods, DAPPI is best
suited for non-polar compounds not easily ionized by electrospray methods.
Nevertheless, a variety of lipid classes have been detected with varying success. Suni et
al. compared analysis of fatty acids, vitamins, sterols and PLs by DESI and DAPPI
from Teflon substrates [224]. DAPPI gave a ten-fold increase in sensitivity for FFAs
and vitamins E and K1, highlighting the suitability for non-polar analytes. By contrast,
DAPPI was less suited for analysis of larger and more polar lipids such as TAGs and
PLs that required higher desorption temperatures resulting in extensive fragmentation.
For example, DAPPI spectra of PLs revealed extensive headgroup losses and for some
classes the intact lipid was completely absent. In contrast to other thermal and plasmabased techniques discussed in this section, DAPPI has been applied to direct tissue
analysis [276]. This was achieved by analyzing a rat brain section with acetone as the
dopant and resulted almost exclusively in an intense signal corresponding to the [M+HH2O]+ ion of cholesterol with more than 100 times greater signal than observed with
DESI on the same instrument. Along with the enhanced ionization efficiency for nonpolar lipids, another possible contributor to this enhanced signal is the larger desorption
area of DAPPI (ca. 1 mm) compared to DESI (200-500 µm). This could potentially
provide more analyte for ionization and analysis from a given sampling region. This
larger desorption area however, makes DAPPI less suitable for imaging applications.
Although DAPPI was unable to detect additional lipid classes from tissue such as PLs
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and sphingolipids detected by DESI, it serves to highlight the suitability of DAPPI for
non-polar lipids that are difficult to observe with spray-based approaches

2.8

Alternative Approaches

2.8.1

Probe Electrospray Ionization (PESI)
Probe electrospray ionization (PESI) employs a steel needle with a small

diameter tip mounted to a motorized stage [277]. The sharp tip is pressed down into the
sample (such as solution or a tissue section) leading to the adhesion of several picolitres
of liquid and/or surface material to the tip. The tip is lifted from the sample and moved
towards to mass spectrometer inlet where a high voltage (2-3 kV) is applied to the
needle inducing an electrospray (Figure 2-5c). The small volumes produce nano-ESI
type ionization and therefore little fragmentation is observed. Direct analysis of the
droplet avoids some of the problems associated with undissolved material blocking
nano-ESI capillaries. This is a crucial property if one wishes to sample material
removed directly from a surface where the risks of contamination are heightened.
Lipid analysis by PESI has so far been accomplished from direct tissue
sampling, including analysis of live mice [278, 279]. Tissue analysis however, can pose
a challenge if it does not contain sufficient water (or other solvent) to produce an
electrospray. One way to overcome this is by using an auxiliary sprayer to spray water
or organic solvent vapor onto the probe where it condenses and facilitates a stable
electrospray [280]. Lipids detected from tissue sections include PC, PS, PI, GalCer and
TAGs [278, 280, 281]. TAGs were detected as ammonium adducts by doping the
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auxiliary spray (7:3 MeOH:CHCl3 v/v) with ammonium acetate [278], while other
lipids detected as positive ions (PC, GalCer) could be observed as multiple adducts due
to endogenous salts: a feature common to many of the methods described herein.
Yoshimura et al. described the lipid analysis of live, anesthetized mice both with and
without induced steatosis [278]. Liver tissue was exposed by laparotomy and directly
analyzed by PESI. The PESI-MS spectra acquired from control mice without steatosis
were dominated by PC lipids, whereas analysis of steatotic mice revealed much higher
signal for TAG molecules. Analysis of tumorous and healthy tissues sections by PESI
also allowed their differentiation based on the corresponding lipid profiles [278]. PESI
can also facilitate imaging with the spatial resolution determined by the diameter of the
needle tip. This has been demonstrated for PC and GalCer lipids in mouse brain sections
where a spatial resolution of ~60 µm was achieved which is comparable to laser-based
methods [280].
One difficulty encountered with PESI is carry-over due to the incomplete removal
of material from the probe during ionization [279]. Although washing steps can be
employed in between samples [280], complete removal of material could require several
washes with different solvents which necessarily increases analysis time. Nonetheless,
the high sensitivity and salt tolerance of PESI makes it well suited for rapid, direct lipid
analysis from tissue surfaces. Furthermore, preliminary results on porcine retina tissue
suggest PESI may allow depth profiling of lipids in tissue sections, whereby increasing
penetration of the needle into the tissue may reveal changes in the lipid composition as a
function of depth [280]. It is also conceivable that the small probe diameter could allow
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analysis and extraction at the single cell level in a manner similar to that described by
Masujima [282].

2.8.2

Paper Spray Ionization (PSI)
Paper spray ionization (PSI) is perhaps the simplest of all surface-based mass

spectrometry techniques. It uses a paper substrate cut into a triangle onto which a high
voltage (2-5 kV) is applied as it is held ~5 mm from the MS inlet [283]. The sample is
typically applied to the paper by either deposition from solution or simply wiping the
paper onto the surface of interest. Solvents added to the paper (typically methanol or
methanol:water mixtures) then migrate with the analytes towards the tip where they are
ionized by the high electric field. The ionization process has been compared to nanoelectrospray, although PSI requires higher spray voltages and produces ions with
slightly lower internal energies [284]. Unlike conventional ESI methods, PSI can also
be carried out using non-polar solvents such as pentane/hexane with the advantage of
allowing analysis of solid analytes insoluble in conventional solvent systems. For
example, cholesterol sulfate and PC standards have been detected by addition of hexane
to the paper [285].
Given its infancy, lipid applications of PSI have so far been limited. Most
applications of PSI are focused on clinical applications, such as drugs and dried blood
spots [283, 286], although some success has been demonstrated for lipid analysis. For
example, lipids can be detected directly from tissue [287]. This is accomplished by
punching out a ~1 mm3 region of tissue and placing it onto the paper substrate with
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subsequent solvent deposition. The solvent extracts lipids that are then carried towards
the paper tip and ionized. Several tissues including tumorous and healthy human
prostate tissue and rat brain have been analyzed with this approach and allowed
detection of PC and SM in positive ion mode and PS, PG, ST and Cer in negative ion
mode. Distinct positive ion lipid profiles were observed in tumorous and healthy
prostate tissue allowing the two types to be distinguished. For example, an increase in
the [M+K]+ ion intensity of PC (34:1) and decreased levels of SM (34:1) were observed
in tumorous tissue. Thus this simple approach can rapidly acquire lipid profiles from
different tissue regions and may find use as a means to support imaging data or identify
lipids of interest for more targeted analysis (e.g., accurate mass or MS/MS). Some lipids
not easily ionized by electrospray can be subjected to in situ derivatization by spiking
the paper substrate with a suitable reagent. An example of this is the detection of
cholesterol from human serum by spiking the paper with betaine aldehyde, analogous to
the reactive DESI approach [283]. Reactive-PSI methods have the potential to further
enhance the range of compounds detectable with this approach.

2.8.3

Laser-Induced Acoustic Desorption (LIAD)
Laser-induced acoustic desorption (LIAD) uses an acoustic wave generated by a

laser pulse to desorb analytes from a surface. LIAD directs the laser at the rear side of a
substrate (usually a metal foil) containing solid or liquid analyte on the front side. The
laser induces a shockwave that travels through the substrate and desorbs material via
mechanical forces with little dissociation. The size of the ablated area has been reported
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to be several millimetres in diameter [288]. Desorbed analytes are then ionized by
subsequent interaction with the ion source. A variety of ionization techniques have been
coupled with LIAD including chemical ionization [289], ESI [290] and APCI [291].
This desorption mechanism is not dependant on laser absorption by the analyte and is
suitable for analysis of thermally labile and non-volatile analytes. TLC analysis is also
possible by placing a developed TLC plate onto a glass slide and incorporating a thin
glycerol film between TLC plate and glass slide. This is necessary to initiate adequate
desorption from the TLC plate, although it leads to noticeable desorption of silica from
the surface which may lead to contamination [288]. In terms of lipids, LIAD has so far
only been used for non-polar lipids such as sterols and other hydrocarbons [289, 291,
292]. In a study by Jin et al. eight steroids, squalene and β-carotene were successfully
analyzed using a combination of chemical ionization, APCI and ESI, [292].
LIAD does not enjoy the popularity of other surface analysis approaches,
although it does allow desorption of a wide range of analytes. Although only non-polar
lipids have been analyzed to date, given that other intact biomolecules such as peptides
and proteins have been detected [290], it is likely LIAD will also be suitable for the
analysis of additional lipid classes. Furthermore, the suitability of the acoustic
desorption mechanism for many different molecular classes, combined with the ability
to interface with a variety of ionization sources, can provide analytical access to a wider
range of analytes than conventional spray and laser-based techniques alone.
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2.9

Conclusions
As evident from the preceding discussion there are now many approaches

available that allow the direct detection of lipids from surfaces commonly encountered
in lipid analysis. Although no single technique is best suited to all applications, a
number of these approaches have particular advantages for direct analysis of biological
tissue and are also well suited for characterization of lipids derived from biological
extracts and intact cells (including single cells). Several of the methods described can
also be directly coupled to additional analytical protocols, such as TLC. Direct TLC
analysis by these approaches offers advantages over conventional staining techniques,
which provide little molecular information on individual lipids present on the plate.
Currently, the ability of MALDI and DESI to detect most major lipid classes
from a variety of surfaces makes these the methods of choice in the majority of cases.
Although the typical spatial resolution of DESI (200-500 µm) and MALDI (25-100 µm)
does not allow the sub-cellular resolution afforded by SIMS, all have found success in
imaging studies. While increasingly high-resolution imaging capabilities are desired, it
must be remembered that this comes at the cost of increased analysis time and requires
greater mass spectrometric sensitivity due to the production of fewer ions per pixel. In
many applications however, high spatial resolution is not a necessity (i.e., analysis of
extracts, TLC plates and non-imaging studies) and the typical resolution afforded by
these commercially available technologies is sufficient. Nonetheless, improving the
achievable resolution of these methods is an active area of research.
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While MALDI, SIMS and DESI have been the dominant techniques employed
to date, we envisage several emerging techniques to play a greater role in the future.
Specifically, NIMS and NALDI can provide enhanced sensitivity relative to MALDI
without a matrix and should become more widespread as suitable substrates become
more widely available. Similarly IR-laser-based techniques (e.g., IR-MALDI and
LAESI), given their suitability for TLC plate analysis and direct sampling of water-rich
samples, including tissue sections, show much promise. Indeed the recent
commercialization of LAESI is likely to stimulate a rapid expansion in this area.
Finally, although in its infancy, LESA is a promising approach for the rapid lipid
profiling of biological tissue as it affords greater control over the extraction and
ionization steps than other spray-based methods. Although it typically achieves lower
spatial resolution, LESA provides a prolonged and stable signal from each sampling
region on the surface and thus allows for acquisition of multiple MS, MS/MS and even
high resolution spectra. This greatly enhances the range of lipids detected and structural
information obtained from a single spot.
By providing capabilities that allow lipid analysis directly from relevant surfaces
with minimal sample manipulation, along with the acquisition of spatially resolved
information, the methods described here should be viewed as providing complementary
information to conventional (extraction-based) lipid analysis. However, several
challenges still need to be addressed. For example, ion suppression is a factor in all
mass spectrometry methods, but becomes more significant with increasing sample
complexity (such as that encountered with minimal sample preparation). As a result, all
lipids present in a complex sample are unlikely to be detected in a single direct analysis
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and one must be aware of the fact that additional lipids that are present may not have
been detected. In such instances, direct coupling of surface analysis with prior TLC
separation can go a long way to reduce these effects. Additionally, in the case of direct
tissue and cell analysis, the inability to pre-concentrate analytes means their localized
surface concentration must be sufficient to allow detection. This can become a limiting
factor when either the desired target area is small (i.e., a high spatial resolution is
required) and/or the target lipid(s) are of low abundance (such as lipids typically
involved in signaling pathways). Finally, quantitative analysis is essential in many
lipidomic workflows but development of robust and accurate quantitative methods for
the techniques described here, particularly for tissue analysis, has been particularly
challenging. This is largely due to ion suppression effects, the possibility of different
desorption efficiencies from different tissue regions and, in the case of MALDI, the
need for (and difficulty obtaining) a perfectly homogenous matrix coating. As a result
there are few reports of quantitative lipid analysis using the surface analysis methods
described herein. Nevertheless, the development of quantitative protocols is an
important area of ongoing research. For example, by applying a non-endogenous PC
lipid internal standard either on top of or below the tissue section prior to matrix
application, relative quantitation of PC lipids from nerve tissue has been demonstrated
[293]. Such developments are essential if one wishes to acquire quantitative information
for lipids from tissue. Although not yet applied to lipids, PSI has also shown
quantitative capabilities by doping the paper or sample with an internal standard [294],
such approaches may allow the rapid quantitation of lipid extracts and possible even
tissues. Furthermore, it is possible that liquid extraction and spray-based approaches
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will find success for quantitation due to the ease in which internal standards may be
added to the extraction or spray solvent [295], although to our knowledge this has yet to
be reported for lipid analysis. This lack of current quantitative approaches perhaps
represents the greatest challenge currently facing direct surface analysis methods if they
are to find more wide-spread incorporation into lipidomic investigations.
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3.2

Abstract
The lipid composition of the human lens is distinct from most other tissues in

that it is high in dihydrosphingomyelin and the most abundant glycerophospholipids in
the

lens

are

unusual

1-O-alkyl-ether

linked

phosphatidylethanolamines

and

phosphatidylserines. In this study, desorption electrospray ionization (DESI) mass
spectrometry-imaging was used to determine the distribution of these lipids in the
human lens along with other lipids including ceramides, ceramide-1-phosphates and
lyso 1-O-alkyl ethers. To achieve this 25 µm lens slices were mounted onto glass slides
and analyzed using a linear ion-trap mass spectrometer equipped with a custom-built, 2D automated DESI source. In contrast to other tissues that have been previously
analyzed by DESI, the presence of a strong acid in the spray solvent was required to
desorb lipids directly from lens tissue. Distinctive distributions were observed for
[M+H]+ ions arising from each lipid class. Of particular interest were ionized 1-O-alkyl
phosphatidylethanolamines

and

phosphatidylserines,

PE

(18:1e/18:1)

and

PS

(18:1e/18:1), which were found in a thin ring in the outer-most region of the lens. This
distribution was confirmed by quantitative analysis of lenses that were sectioned into
four distinct regions (outer, barrier, inner and core), extracted and analyzed by
electrospray ionization tandem mass spectrometry. DESI-imaging also revealed a
complementary

distribution

for

the

structurally-related

lyso

1-O-alkyl

phosphatidylethanolamine, LPE (18:1e), which was localized closer to the centre of the
lens. The data obtained in this study indicates that DESI-imaging is a powerful tool for
determining the spatial distribution of human lens lipids.
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3.3

Introduction
The lens consists of concentric layers of crescent shaped fiber cells resulting in a

tightly packed arrangement of cell membranes in which the major components are
integral membrane proteins, phospholipids and cholesterol (Chol) [296]. The
phospholipid composition of the human lens differs from that of other animals in that it
is unusually high in dihydrosphingomyelin (DHSM) [297, 298]. Recent work has shown
that human lenses are also abundant in ether-linked phospholipids, in particular 1-Oalkyl phosphatidylethanolamine (PE) and phosphatidylserine (PS) [39, 298]. DHSMs
represent more than 40% of all human lens phospholipids [299, 300] while PE and PS
lipids represent 15 and 8% respectively, with 1-O-alkyl lipids making up more than half
of the total contribution from each of the latter two classes [298]. In an effort to
understand the function of these ether-linked phospholipids we have initiated a study on
their distribution throughout the lens using mass spectrometry imaging.
Matrix-assisted laser desorption/ionization (MALDI) is a well established
technique for the analysis of individual molecular lipids from complex biological
mixtures, including lens tissue, typically obtained from model animals [62, 101]. The
development of MALDI-imaging has also allowed the spatial distributions of lipids
within biological tissue to be investigated [98], including the imaging of porcine [65]
and human lens lipids [40]. In the latter study, Deeley et al. imaged the distributions of
the two most abundant lens lipids, SM (d18:0/16:0) and SM (d18:0/24:1), as well as the
corresponding ceramides in human lenses of different ages [40]. An annular distribution
of the DHSM lipids was observed in the outer regions of the lens and this effect became
more pronounced with age. Interestingly, related ceramides were primarily found in the
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nucleus and were absent from younger lenses, suggesting a possible product-precursor
relationship exists between the DHSMs and their ceramide homologues [40]. In
addition to lipid-imaging, several studies have utilized MALDI-imaging for visualizing
the distribution of ocular proteins, including Aquaporin-0 and α-crystallin, as well as
their truncation products [301-304].
Although a very useful technique, MALDI analysis of lipids from biological
samples suffers two disadvantages: (i) along with introducing an additional sample
preparation step, the application of the matrix must be done so as to result in a
homogeneous distribution in order to minimize any “sweet spot” effects (it should be
noted that application of the matrix by sublimation can ameliorate this effect [54]); and
(ii) in positive ion mode the mass spectra are dominated by the choline-containing lipids
(phosphatidylcholine and sphingomyelin), making the detection of other less abundant
lipids such as PE and PS difficult [101]. Murphy et al. have also suggested that rapid
decomposition of [M+H]+ ions of acidic phospholipids, such as PE and PS, further
complicates the detection of these lipid classes [98].
Desorption electrospray ionization (DESI) is an alternative surface desorption
and ionization approach developed in one of our laboratories in 2004 that allows the
soft ionization of analytes direct from substrates (including tissue sections) with
minimal sample preparation [37, 305]. The ability to raster across a sample whilst
continuously acquiring mass spectra has led to the development of DESI as an ambient
mass spectrometric imaging technique [306]. While the spatial resolution of DESI
(~200 µm [306]) is lower than that of MALDI (50-100 µm [40, 98]), DESI requires no
matrix, thus minimizing the possibility of inhomogeneity arising from sample
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preparation. DESI has also been shown to be effective for the detection of a wide range
of lipid classes [204, 214, 221] making it ideal for lipid-imaging applications (see
discussion in reference [26]). DESI-imaging has previously been demonstrated for
determining the spatial distributions of lipids from a variety of tissue types including rat
brain [306], porcine and rabbit adrenal glands [222], tumor/non tumor regions of dog
bladder tissue [214] as well as drug localization of pre-dosed clozapine in rat brain [307,
308]. The work presented here demonstrates the first application of DESI-imaging to
the human lens and reveals the localization of several abundant lens lipids.

3.4

Experimental Methods

3.4.1

Materials
Human lens sections were sourced from the Sydney Lions Eye Bank (Sydney,

NSW, Australia). All work was approved by the human research ethics committees at
the University of Wollongong (HE 99/001) and University of Sydney (#7292). Lenses
were sliced as coronal sections (i.e., a vertical plane from head to foot and parallel to the
shoulders) using a cryostat (Leica, 1720, Wetzlar, Hesse, Germany) at -20 °C at a
thickness of ca. 25 µm and thaw mounted onto glass slides. Note that coronal sections
would be expected to give a near circular slice however, when analyzed the slices had
an oval shape due to slight compression during slicing. All phospholipid internal
standards were purchased from Avanti Polar Lipids (Alabaster, AL, U.S.A.).
Cholesterol standard was purchased from Sigma Aldrich (Castle Hill, NSW, Australia).
Methanol (HPLC grade), chloroform (HPLC grade) and acetic acid (AR grade) were
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used for lipid extraction and were all purchased from Crown Scientific (Sydney, NSW,
Australia). Methanol (HPLC grade, Mallinckrodt Baker, Phillipsburg, NJ, USA), MilliQ water (Millipore, Billerica, MA, USA) and hydrochloric acid (33%, J. T. Baker,
Phillipsburg, NJ, USA) were used for DESI spray solutions.

3.4.2

Desorption Electrospray Ionization Mass Spectrometry (DESI-MS)
DESI-MS was performed on a ThermoFinnigan LTQ mass spectrometer

(ThermoScientific, San Jose, CA) coupled to a custom built, 2-D automated DESI
source as described elsewhere [309]. The solvent was delivered through a fused silica
inner capillary (I.D. 50 µm, O.D. 150 µm) (Polymicro Technologies, Phoenix, AZ,
USA) and the nebulizing gas (N2 at 150 psi) through the outer capillary (I.D. 250 µm,
O.D. 350 µm). Methanol:water (4:1 v/v) + 0.05 % (w/v) hydrochloric acid was used as
the spray solvent at a flow rate of 3 µL.min-1. The optimized DESI source geometry
used an incident emitter-surface angle of 55°, a collection angle (sample-inlet angle) of
~10° and a short emitter-sample distance of 1-2 mm. The spray voltage was set to 5 kV,
tube lens and capillary voltages were 110 V and 5 V, respectively, and the capillary was
heated to 275 °C. The ion injection time was 450 ms while two microscans were
summed for each spectrum, giving an acquisition time of 1.02 s. Automatic gain control
(AGC) was turned off for all experiments. General CID conditions utilized a collision
energy of 25-30 (arbitrary units) and an isolation width of 1.5 Da. Exact mass
measurements were performed on a hybrid LTQ-Orbitrap (ThermoScientific, San Jose,
CA) operating at a mass resolution of 100,000. The LTQ-Orbitrap was fitted with an
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identical DESI source and the lens slice was analyzed as previously described, with the
exception that a standard PC (18:0/16:0) was doped into the spray solution at a
concentration of 0.5 ppm to provide an [M+H]+ ion at m/z 762.60073 for use as the lock
mass. For cholesterol detection 3 x 2 µL aliquots of a 200 ng.mL-1 solution of
cholesterol in 1:1 methanol:chloroform (v/v) were deposited onto a Teflon coated glass
slide (Omnislide, Prosolia Inc, Indianapolis, IN, USA) and allowed to air dry prior to
analysis.

3.4.3

Image Acquisition
Lens slices were mounted on glass slides and placed on the sample stage, which

was moved at a constant velocity of 196 µm.s-1, with steps of 200 µm between each
successive line scan, to give a pixel size of 200 x 200 µm2. Each line scan was acquired
as a separate file. Once the whole lens had been analyzed, in-house software was used
to convert XcaliburTM mass spectral files into the required format for image generation
in BioMapTM (freeware, http://www.maldi.msi.org/). The maximum and minimum
threshold intensities were then adjusted to improve the contrast in the ion images.

3.4.4

Lipid Extraction
Whole lenses (from 52 and 75 year-old individuals) were sectioned into outer,

barrier, inner and core regions by the methods previously described by Heys et al. [310]
and then placed in pre-weighed vials. The dimensions used to define each region are
shown in Figure 3-1. Lens sections were homogenized by first freezing the lens in
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liquid nitrogen (10-20 mL) in a mortar and then pulverizing the tissue. A mixture of
internal standards in methanol consisting of 40 μM PC (19:0/19:0), 40 μM SM
(d18:0/12:0) and 25 μM PE (17:0/17:0) was then added to the pulverised tissue at 1400
μL.g-1(tissue).
Lipids were extracted from lens section homogenates using a modified Folch
method [311] with aqueous acetic acid substituted for aqueous sodium chloride. In
brief, chloroform:methanol (2:1 v/v) containing 0.01% w/v butylated hydroxytoluene
(BHT) as an antioxidant was added to the lens section homogenates at a ratio of 20:1
solvent to tissue weight (v:w) and the homogenates rotated overnight at 4 °C. Aqueous
acetic acid (20 mM) was then added at a ratio of 8:4:3 chloroform:methanol:acetic acid
(20 mM) and the samples centrifuged at 2,000 g for 5 min. The organic layer was
retained and 2:1 chloroform:methanol (2 mL) added to the aqueous phase and the
process repeated. The combined organic extracts were washed with aqueous acetic acid
(1 mL, 20 mM). The organic layer was retained and then evaporated to dryness under a
stream of nitrogen. Finally, samples were reconstituted in 500-1000 µL of
chloroform:methanol (1:2 v/v) and stored at -80 °C until analysis.

3.4.5

Quantitation of 1-O-alkyl PE by Electrospray Ionization Mass Spectrometry

(ESI-MS)
Lipid extracts were diluted to an estimated final concentration of 40 µM using
chloroform:methanol (1:2 v/v) then analyzed in positive ion mode using a Waters
QuattroMicroTM triple quadrupole mass spectrometer (Waters, Manchester, UK) with a
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z-spray ion source. Typical instrument settings were a flow rate of 10 µL.min-1,
capillary voltage of 3 kV, source temperature of 80 °C, desolvation temperature of 120
°C and a cone voltage of 50 V. Nitrogen was used as the drying gas at a flow rate of 320
L.h-1. All lipids with the phosphoethanolamine head group were identified and
quantified by a neutral loss scan of 141 Da as described previously [298].

3.5

Results and Discussion

3.5.1

Lens Lipids Detected by DESI-MS
Throughout the investigation, the composition of the spray solution was found to

be the most critical parameter to allow the detection of lipids direct from lens tissue by
DESI-MS. It was found that a spray solvent consisting of 4:1 methanol:water (v/v) +
0.05 % (w/v) hydrochloric acid allowed the detection of a wide range of lens lipids.
Weaker acids including acetic, formic and trifluoroacetic acid were also used, however
these resulted in very little or no detection of ionized lipids. The necessity of a strong
acid in the spray solution is surprising as previous DESI-imaging data performed on a
variety of other tissue types have allowed the detection of lipids in both positive and
negative mode using simple methanol/water or acetonitrile/water mixtures with no
doping of acids required [214, 222, 223, 312]. The need for a relatively harsh spray
composition for the human lens may be a consequence of the tightly compacted
structure of the fiber cells and their relatively high protein content compared to other
tissue types. For comparison, human lenses can have protein-to-lipid ratios as high as
5.0 (depending on the region of the lens sampled and the age of the individual) [313],
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while rat brain has a ratio of only ca. 2.14 [314]. The latter tissue has previously been
analyzed by DESI-MS using simple methanol:water mixtures as the spray solvent [306].
Additionally, the tight interaction between membrane lipids and proteins in the human
lens has been observed in the crystal structure of lens specific Aquaporin-0 and may
further rationalize the difficulties in desorbing lipids from this tissue [315]. It is
interesting to note that lipids were only detected from lens tissue when the DESI spray
was observed to physically disrupt the structure of the tissue section during analysis.
Fewer ions were detected from the inner-most (core) region of the lens. It is not clear if
this is an accurate representation of the abundance of lipids in this region or an artifact
of the DESI process whereby the relatively soft DESI technique is unable to desorb
lipids from the centre of the lens where there is a higher protein concentration [316].
Nevertheless, similar results have been obtained for specific lipids using MALDIimaging and quantitative analysis of human lens sections [40]. This prompted us to
undertake a parallel quantitative investigation (see Section 3.5.3).
Figure 3-1 shows positive ion DESI spectra obtained by averaging the data
acquired over each of the following regions in a section from a 41 year-old lens; outer,
barrier, inner and core. The dimensions used to define each region are shown on the
right of Figure 3-1. All lipids were observed as [M+H]+ ions with the exception of
cholesterol which was observed as the [M+H-H2O]+ ion. The four most abundant ions
were detected with nominal m/z values of 369, 705, 730 and 815. The m/z 369 ion was
tentatively assigned as the [M+H-H2O]+ ion of cholesterol based on (i) prior observation
which shows that cholesterol is an abundant component of the human lens [298] and (ii)
the previous observation of dehydrated cholesterol in MALDI studies of tissue sections
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[98]. The m/z 369 ion was only observed with hydrochloric acid doped into the spray
solution suggesting the presence of the strong acid assists in the dehydration process.
Figure 3-2 shows CID spectra of the m/z 369 ion observed from the lens and that
generated by DESI from a cholesterol standard. There is excellent agreement both in the
masses of product ions and their relative abundances providing strong evidence for the
assignment of the m/z 369 ion as [Chol+H-H2O]+. It is also possible that the m/z 369 ion
could arise from decomposition of the ester moiety of a cholesterol esters via ciselimination [317]. Such processes however, normally require high temperatures and
thus are unlikely to be significant under the conditions of this analysis. Direct in situ
analysis of intact cholesterol by DESI-MS has previously been achieved using the
“reactive DESI” technique whereby betaine aldehyde is doped into the spray [221]. This
reagent could not be applied here as it is unstable under the spray conditions required
for lens analysis.
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Figure 3-1 DESI spectra averaged over different regions of a human lens section obtained from a 41
year-old individual. The following regions were selected using the region of interest (roi) tool in the
BioMapTM imaging software: (a) core region, (b) inner region, (c) barrier region, (d) outer region. The
relative dimensions used to select each region are shown in the schematic adjacent to the corresponding
spectrum.
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Figure 3-2 (a) CID of the m/z 369 ion obtained from a 41 year-old human lens slice and (b) CID of the
m/z 369 ion obtained from a cholesterol standard. An aliquot (6 µL) of a 200 ng.mL-1 solution of
cholesterol in 1:1 MeOH:CHCl3 (v/v) was deposited onto a PTFE printed slide. CID spectra were
recorded using a collision energy of 27 (arbitrary units) with an isolation width of 1.5 Da.

The ions at m/z 705 and 815 (Figure 3-1) have nominal masses that correspond
to the protonated forms of SM (d18:0/16:0) and SM (d18:0/24:1), respectively. As these
are the two most abundant phospholipids in the human lens, the peaks at m/z 705 and
815 are assigned to these two dihydrosphingomyelins [61, 298]. Collision induced
dissociation (CID) of these two ions did not yield any structural information, as the
characteristic ion at m/z 184 that is usually used to identify protonated sphingomyelins
and phosphatidylcholines is below the low mass cut-off of the LTQ ion trap mass
spectrometer under the operating conditions used. The ion at m/z 730 has the same
nominal mass as the protonated 1-O-alkyl-linked phospholipid, PE (18:1e/18:1),
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previously identified as the most abundant glycerophospholipid in the human lens [39].
CID of this ion produced a fragment ion at m/z 589 corresponding to the neutral loss of
the phosphoethanolamine headgroup (-141 Da, data not shown), thus the m/z 730 ion is
assigned as protonated PE (18:1e/18:1). The ions at m/z 440 and 466 are assigned as the
protonated lyso phospholipid analogues of the 1-O-alkyl PE, namely LPE (16:0e) and
LPE (18:1e) respectively, based on their nominal masses and their previous observation
in human lens tissue [61].
Table 3-1 shows the results of exact mass measurements for the most abundant
DHSMs, PCs and 1-O-alkyl PEs acquired by DESI-MS analysis from a lens section on
a hybrid LTQ-Orbitrap instrument (ion transmission on the LTQ-Orbitap was tuned to
the critical m/z 700-850 region and consequently low mass lipids were not observed).
The exact mass measurements are in excellent agreement with the assigned structures of
the abundant lens phospholipids, providing further evidence that the m/z 705, 730 and
815 ions arise from the assigned lipids. While exact mass measurements do not
distinguish between isomeric lipids, previous work by some of us has included detailed
structure elucidation of human lens lipids and thus we are confident in the assigned
structures [39, 318].

95

Chapter 3: Imaging of Human Lens Lipids by DESI-MS

Table 3-1 Exact mass measurements recorded using an LTQ-Orbitrap mass spectrometer of [M+H]+ ions
detected via DESI-MS of a human lens section. No lens-related ions below m/z 700 were observed on the
LTQ-Orbitrap.
Observed Mass
(m/z)
703.57483

Assigned Structure
(Elemental Composition)
+
[SM (d18:1/16:0)+H]
(C39H80N2O6P)

Δ
(ppm)
-0.034

+

0.157

+

0.009

+

1.233

704.55898

[PE (16:0e/18:1)+H]
(C39H79NO7P)

705.59051

[SM (d18:0/16:0)+H]
(C39H82N2O6P)

730.57542

[PE (18:1e/18:1)+H]
(C41H81NO7P)

730.61072

[Cer1P (d18:0/24:1)+H]
(C42H85NO6P)

748.54800

[PS (16:0e/18:1)+H]
(C40H79NO9P)

760.58513

[PC (16:0/18:1)+H]
(C42H82NO8P)

774.56623

[PS (18:1e/18:1)+H]
(C42H81NO9P)

787.68616

+

+

+

-0.253
-0.933
-0.060

+

2.429

[SM (d18:1/22:0)+H]
(C45H92N2O6P)

+

-0.107

813.68453

[SM (d18:1/24:1)+H]
(C47H94N2O6P)

+

0.154

815.70005

[SM (d18:0/24:1)+H]
(C47H96N2O6P)

+

-0.005

Further analysis of the exact mass data showed the presence of an ion isobaric
with [PE (18:1e/18:1)+H]+ at m/z 730.61072, which can be assigned as protonated
dihydroceramide-1-phosphate 24:1 ([Cer1P (d18:0/24:1)+H]+), as recently identified in
the human lens by Estrada et al. using 31P NMR and MALDI-MS techniques [61]. The
analogous ceramide phosphate containing a 16:0 fatty amide, Cer1P (d18:0/16:0), is
also present as the protonated lipid at m/z 620 in the DESI spectra shown in Figure 3-1.
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The high resolution spectra show the [Cer1P (d18:0/24:1)+H]+ ion has a relative
abundance typically 10-20% that of the protonated PE (18:1e/18:1) (data not shown).
These data along with the following evidence suggests that the distribution of the
nominal mass m/z 730 (see later) is dominated by [PE (18:1e/18:1)+H]+: (i) the CID
spectrum of the ion at m/z 730 reveals a lower abundance of the neutral loss of 98 Da
(arising from loss of H3PO4 from the Cer1P) relative to the neutral loss of 141 Da
(arising from the PE headgroup); and (ii) the abundance of [Cer1P (d18:0/16:0)+H]+ at
m/z 620 is already relatively low and this lipid is expected to be more abundant than its
longer chain homologue, Cer1P (d18:0/24:1), based on the trend observed for the
structural homologues DHSM, ceramides and lactosylceramdies (see later).
The ions at m/z 540 and 650 in Figure 3-1 are assigned to [Cer
(d18:0/16:0)+H]+ and [Cer (d18:0/24:1)+H]+, respectively. These ceramides have
previously been identified in human lens tissue by MALDI-MS and 31P NMR [40, 61].
In addition, two low abundance ions are observed at m/z 864 and 974 (Figure 1). These
two ions are separated by 110 Da, which coincides with the mass difference between a
16:0 and 24:1 fatty amide, and are consistent with protonated glycosphingolipids
containing a sphinganine backbone and either a 16:0 or 24:1 fatty amide. These two
lipids are tentatively assigned as the lactosyldihydroceramides, LacCer (d18:0/16:0) and
LacCer (d18:0/24:1), as they have previously been reported as the two most abundant
glycosphingolipids in the human lens [319, 320].
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Table 3-2 shows all lens lipids detected by DESI-MS where the assignment is
based on previous lens lipid identification studies [39, 61, 298, 319, 320] and, where
possible, confirmed by CID and exact mass measurements. When compared to a recent
study of human lens phospholipids and sphingolipids using shotgun lipidomics [298],
ca. 50 % of lipids with concentrations greater than 20 nmoles/g wet tissue were detected
and confidently assigned in our positive ion DESI-MS analysis. In all cases, the most
abundant lipid from each class has been detected. In addition, DESI was able to detect a
range of other lipids including cholesterol, ceramide, ceramide-1-phosphates,
glycolipids and lyso 1-O-alkyl phosphatidylethanolamines as [M+H]+ ions, thus giving
a comprehensive overview of the lens tissue lipidome in a single analysis. In contrast,
direct MALDI analysis of human lenses by Deeley et al. [40] revealed only the presence
of several abundant sphingomyelins, the corresponding ceramides and dehydrated
cholesterol, while in another study direct MALDI analysis of porcine lenses revealed
only sphingomyelins and 2 ceramide-1-phosphates [65]. Furthermore under the DESI
conditions used in this investigation, all lipids with the exception of cholesterol were
observed as [M+H]+ ions, unlike the previous direct tissue MALDI investigations [40,
65] where many lipids were observed as [M+H]+, [M+Na]+ and [M+K]+ ions, leading to
an overall loss in sensitivity.
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Table 3-2 Lens lipids detected by DESI-MS in positive ion mode. All lipids were observed as [M+H]+
ions with the exception of cholesterol which is observed as [Chol+H-H2O]+. Lipid assignments are based
on previous observations as described in references [39, 61, 298, 319, 320].
m/z
369
440
466
538
540
618
620
648
650
675
677
703
704
705
730
748
760
774
776
787
789
813
815
864*
974*

Assigned Lipid
+
[Chol+H-H2O]
+
[LPE (16:0e)+H]
+
[LPE (18:1e)+H]
+
[Cer (d18:1/16:0)+H]
+
[Cer (d18:0/16:0)+H]
+
[Cer1P (d18:1/16:0)+H]
+
[Cer1P (d18:0/16:0)+H]
+
[Cer (18:1/24:1)+H]
+
[Cer (d18:0/24:1)+H]
+
[SM (d18:1/14:0)+H]
+
[SM (d18:0/14:0)+H]
+
[SM (d18:1/16:0)+H]
+
[PE (16:0e/18:1)+H]
+
[SM (d18:0/16:0)+H]
+
[PE (18:1e/18:1)+H]
+
[Cer1P (d18:0/24:1)+H]
+
[PS (16:0e/18:1)+H]
+
[PC (16:0/18:1)+H]
+
[PS (18:1e/18:1)+H]
+
[PS (18:0e/18:1)+H]
+
[SM (d18:1/22:0)+H]
+
[SM (d18:0/22:0)+H]
+
[SM (18:1/24:1)+H]
+
[SM (d18:0/24:1)+H]
+
[LacCer (d18:0/16:0)+H]
+
[LacCer (d18:0/24:1)+H]

*The sugar units here are named as lactose based on the literature precedent that glycolipids containing a glucose and
galactose sugar unit are the most abundant species. The sugar composition was not characterized in this investigation
and thus the presence of isomeric sugar groups cannot be excluded.

Confirmed by CID

Confirmed by exact mass measurements

3.5.2

DESI-Imaging of Lens Lipids
Figure 3-3 shows the abundance distributions of a range of ionized lipids and

cholesterol within a 41 year-old lens (additional images from 23, 50 and 55 year-old
lenses are provided as Supporting Information Figure 3-6). The intensity scales on the
images indicate the upper and lower intensity threshold values used to generate the false
color plot. The [M+H]+ ions from SM (d18:0/16:0) and SM (d18:0/24:1) are more
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abundant in the outer and barrier regions of the lens, which is in agreement with our
previous MALDI-imaging and sectioning studies of human lenses [40]. The most
abundant 1-O-alkyl phospholipid in the human lens corresponds to PE (18:1e/18:1) with
an [M+H]+ ion at m/z 730. The distribution of the m/z 730 suggests this lipid is
predominantly distributed in a thin ring ~1-1.5 mm thick in the outer region of the lens.
While the m/z 730 ion will also have a small component due to the isobaric [Cer1P
(d18:0/24:1)+H]+ (Table 3-1), it is dominated by [PE (18:1/18:1)+H]+ (see Section
3.5.1). The related [PS (18:1e/18:1)+H]+ lipid is shown to have an identical distribution
to that of the PE ether. Although this ion is present in low abundance in the mass
spectra, the exact mass measurements (Table 3-1), the fact that it has previously been
identified in human lens tissue by ESI-MS as PS (18:1e/18:1) [39] and that it has an
identical distribution to the related PE (18:1e/18:1) supports the assignment of this ion
as [PS (18:1e/18:1)+H]+. The co-localization of these two lipids could arise from the
inter-conversion between the two in vivo. Biologically it is possible to synthesize PE via
decarboxylation of PS, while PS lipids can be synthesized by the action of
phosphatidylserine synthase II on PE [321]. All other low abundance 1-O-alkyl PE and
PS lipids between m/z 730-800 were also observed to have a distribution identical to
that of PE (18:1e/18:1). Cholesterol (observed as the dehydrated form) was the most
abundant lipid detected from the lens tissue and appears to be distributed homogenously
throughout the lens, with the exception of a lower signal observed in the inner-most
region. It is also possible that this is an artifact of the DESI process due to inefficient
desorption of lipids from this region. To investigate this possibility, MALDI data
acquired for a previous study [40] was re-analyzed and the distribution of m/z 369 was
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found to be consistent with that in Figure 3-3(d) (data not shown). The congruence of
these two independent desorption/ionization approaches provides strong evidence for
the conclusion that there exists a lower concentration of cholesterol in the lens centre.
This is further supported by lens sectioning studies that also indicate this decrease is
accompanied by an increase in the cholesterol-to-phospholipid ratio [322, 323],
consistent with the DESI-based observation of decreased phospholipid abundances in
the lens centre.

Figure 3-3 DESI images from a 41 year-old human lens illustrating the distribution of (a) [SM
(d18:0/16:0)+H]+, (b) [PE (18:1e/18:1)+H]+, (c) [Cer1P (d18:0/16:0)+H]+, (d) [Chol+H-H2O]+, (e) [SM
(d18:0/24:1)+H]+, (f) [PS (18:1e/18:1)+H]+, (g) [Cer (d18:0/16:0)+H]+ and (h) [LPE (18:1e)+H]+. The
colored bar in each image represents an arbitrary intensity scale used to define each image. The oval
appearance of these images arises from a slight compression of the lens during slicing; this however does
not affect the relative dimensions used to define each region.

Analysis of the DESI mass spectra shows a broad distribution of noise in the m/z
450-700 range when the spray solution came in contact with the glass slide (see Figure
3-1d and Figure 3-4a). The intensity of this noise was similar to that of the signal
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arising

from

ionized

ceramides,

ceramide-1-phosphates

and

lyso

phosphatidylethanolamines observed in this mass range. This broad noise feature
complicates the image by showing apparent ion intensity when analyzing regions away
from the lens tissue, as observed in the DESI images for [Cer1P (d18:0/16:0)+H]+, [Cer
(d18:0/16:0)+H]+ and [LPE (18:1e)+H]+ (see Figure 3-3c, 2-3g and 2-3h, respectively).
The occurrence of this broad distribution of noise was encountered throughout the
investigation and the exact origin is unknown, although it appears to be an artifact
caused by the addition of acid. When methanol:water mixtures not containing acid were
used the noise was not present, however this also resulted in very few, if any, lipids
being detected. The noise was also only present when the spray was positioned off the
lens tissue, i.e., on the glass slide, leading us to believe the noise was due to an
interaction between the acid and the glass slide. The noise could be reduced by
increasing the tube lens voltage, however this also significantly decreased lipid ion
abundances. Figure 3-4 shows DESI spectra in the m/z 400-550 range plotted on
absolute intensity scales obtained from (a) a single line scan when the spray was
positioned on the glass slide adjacent to the lens and (b) on the lens tissue itself. These
data clearly show that when positioned away from the lens there was no detection of m/z
440, 466, 538 and 540 (see Table 3-2 for peak assignments), however the broad
distribution of noise in this range resulted in false detection when creating distribution
images for these ions. When positioned on the lens tissue, distinct ions were observed
and the background noise was significantly reduced. Therefore, any signal observed
outside of the lens tissue can be ignored. Accordingly, distinct distributions are
observed for protonated Cer (d18:0/16:0) and Cer1P (d18:0/16:0) in Figure 3-3. [Cer
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(d18:0/16:0)+H]+ is observed to be concentrated in the nucleus (core region) of the lens,
consistent with previous MALDI-imaging data [40]. An identical distribution is also
observed for the protonated forms of Cer (d18:0/24:1), Cer (d18:1/16:0) and Cer
(d18:1/24:1)

(data

not

shown).

The

observed

ceramides

have

the

same

sphingosine/sphinganine base and fatty amide structures as the corresponding
sphingomyelins. This suggests the ceramides could be produced via hydrolysis of the
SM headgroups, however if this is the case the mechanism by which the ceramides
appear in the centre of the lens is as yet unknown. The related ceramide-1-phosphates
differ from ceramides by the presence of a phosphate headgroup. The localization of
[Cer1P (d18:0/16:0)+H]+ is shown in Figure 3-3(c) and reveals an annular distribution
with the regions of highest abundances observed at the transition from the inner to the
outer portions of the lens. Low ion counts from this lipid were measured in the lens
center, which stands in contrast to the distribution of the related ceramide, [Cer
(d18:0/16:0)+H]+ (Figure 3-3g). While the distribution of [Cer1P (d18:0/16:0)+H]+ is
more similar to that of [SM (d18:0/16:0)+H]+ (Figure 3-3a), the former appears to be
distributed slightly closer to the nucleus while the latter displays maximum ion
abundances further from the lens center. Distributions of the other protonated ceramide1-phosphates detected in this study, namely Cer1P (d18:1/16:0) and Cer1P (d18:1/24:1)
(data not shown), were found to be similar to that of [Cer1P (d18:0/16:0)+H]+. As
discussed previously, determining the distribution of the corresponding [Cer1P
(d18:0/24:1)+H]+ is difficult due to it being isobaric with the more abundant [PE
(18:1e/18:1)+H]+ but it might be expected to be similar to that of [Cer1P
(d18:0/16:0)+H]+.
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Figure 3-4 DESI mass spectra acquired from a line scan across a 41 year-old lens when the spray is
positioned (a) on the glass slide adjacent to the lens tissue and (b) on the lens tissue itself. Note the broad
distribution of artificial signal when the spray is positioned over the glass slide. As the spray is positioned
over the lens tissue the noise reduces significantly and well-defined ion signals can be observed. (c) Plot
of normalized ion abundance of m/z 730 ([PE (18:1e/18:1)+H]+ and m/z 466 ([LPE (18:1e)+H]+]) across a
41 year-old lens slice. Note the broad noise band observed in (a) will contribute some intensity to the m/z
466 channel, particularly at the edges of the lens slice.
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An interesting distribution was observed for [LPE (18:1e)+H]+ (m/z 466)
(Figure 3-3h). [LPE (18:1e)+H]+ displayed an annular distribution that is concentrated
“inside” that of the protonated PE (18:1e/18:1). Figure 3-4(c) shows a plot of the
normalized ion intensities obtained from a single line scan for the protonated forms of
PE (18:1e/18:1) (m/z 730) and LPE (18:1e) (m/z 466) across a 41 year-old lens section.
The plot clearly shows that the maximum ion intensity for [LPE (18:1e)] occurs slightly
“inside” that of [PE (18:1e/18:1)+H]+. An identical relationship is also observed for [PE
(16:0e/18:1)+H]+ and [LPE (16:0e)+H]+ at m/z 704 and 440, respectively. It is possible
that LPE (18:1e) could be produced via hydrolysis of the acyl 18:1 fatty acid in PE
(18:1e/18:1). In addition, loss of ester-linked fatty acids from other PE (18:1e)
phospholipids, previously found at lower abundance in the human lens [298], could also
produce LPE (18:1e). The distinct distribution of LPE (18:1e) with respect to its most
abundant progenitor PE (18:1e/18:1) excludes the possibility that acid hydrolysis is
occurring during the DESI process (see Figure 3-4a). This leaves open the possibility
of conversion occurring in vivo either by enzymatic or chemical pathways.

3.5.3

Regional Quantification of PE (18:1e/18:1)
A general limitation of mass spectrometric imaging techniques is the question of

whether the generated image for the ionized species is representative of the molecular
distributions in the sample. This question arises due to the occurrence of ion
suppression effects as well as sample variability such as changes in the height profile
and tissue composition that may affect the detection of analytes from different areas of a
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tissue section [98, 324]. Thus the observed ion abundance may not necessarily reflect
the absolute amount of a particular lipid in a given area but rather the ease with which it
can be desorbed from the tissue [98]. In this study, DESI-images of the [M+H]+ ion
arising from PE (18:1e/18:1) suggest an annular distribution of the lipid within the outer
regions of the lens. This image was observed for lens sections from a 41 year-old
individual (Figure 3-3b) and was found to be reproducible in lens sections from both
younger and older individuals (example images from 28, 50 and 55 year-old individuals
are provided as Supporting Information Figure 3-6). To determine whether the
observed distribution of the m/z 730 ion assigned to [PE (18:1e/18:1)+H]+ is
representative of the distribution of the lipid in the lens, two additional lenses from 52
and 75 year-old individuals were dissected into outer, barrier, inner and core sections
and the lipids extracted and quantified by ESI-MS. Figure 3-5 shows the concentration
of PE (18:1e/18:1) in each lens region determined by ESI-MS, along with an extracted
ion chromatogram for the m/z 730 ion from a line scan across the 41 year-old lens slice
by DESI-MS. The bottom axes are positioned to represent the relative distance between
the four regions of the lens. The regional concentrations determined by ESI-MS match
closely the relative abundances determined by DESI-MS, providing strong evidence that
the spatial and intensity distributions determined by DESI-MS-imaging are
representative of the lipid distribution in the lens.
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Figure 3-5 Plot of the ion abundance from a 41 year-old lens slice of [PE (18:1e/18:1)+H]+ from a DESIMS line scan across the lens tissue (black line) and data obtained from sectioning and quantification by
ESI-MS from a 52 () and 75 () year old lens. The x-axis labels are scaled according to the relative
positions of each region in the lens and the relative areas of each adjacent section are shaded (refer to
schematic in Figure 3-1).

3.6

Conclusions
DESI has previously been reported as an effective method for the analysis and

imaging of lipids directly from tissue [214, 222, 306]. In the present study we have
applied this technique to the analysis of human lens lipids and made several interesting
discoveries. Unlike other tissues previously analyzed by DESI, lipids could not be
desorbed from lens slices without the presence of a strong acid in the spray solution. As
mentioned above, this may be due to the tightly-packed laminae of fiber cells, their high
protein content and/or the strength of protein-lipid interactions within the cellular
membranes. Importantly, the most abundant lipids identified in the current DESI
analysis, i.e., cholesterol, DHSM and 1-O-alkyl linked PEs, are consistent with previous
studies using various MS and NMR techniques [39, 61, 298, 325]. There is also strong
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agreement between the distribution of [PE (18:1e/18:1)+H]+ ions obtained from direct
DESI analysis and the quantitative measurements obtained from dissection and
extraction experiments (see Figure 3-5). Moreover, the distribution of [SM
(d18:0/16:0)+H]+ and [Cer (d18:0/16:0)+H]+ ions observed in the current study agree
with previous findings from MALDI-imaging [40]. When taken in concert, these
findings suggest that ion distributions obtained by DESI analysis of lens slices are
representative of lipid abundance and distribution in the human lens. In contrast to
MALDI, which can require the deposition of different matrices in order to detect
different lipid classes, DESI provides the advantage of being able to detect all major
lens lipids in a single scan.
In applying DESI-imaging to the human lens we were able to provide the first
spatial distribution analysis of PE (18:1e/18:1): the most abundant glycerophospholipid
in the human lens. Interestingly, this and other 1-O-alkyl ether lipids were found to exist
predominantly in the outer, metabolically active region of the lens, while lyso 1-O-alkyl
species were observed primarily in the adjacent inner region. This suggests that 1-Oalkyl ether lipids are actively synthesized in the epithelium and emerging fiber cells and
that the ester-linked fatty acid is cleaved or hydrolyzed as fiber cells mature. It should
be noted that the composition and distribution of human lens lipids is altered
dramatically with age [40, 326] and that the lipid distributions observed in the current
study may differ from those obtained from lenses of different ages. Indeed, DESIimages obtained in this study for lens sections from 28 and 50 and 55 year-old
individuals (Supporting Information Figure 3-6) suggest greater abundances of [Cer
(d18:0/16:0)+H]+ ions arising from the inner region of the lens with increasing age. The
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preliminary observation of such age-related trends by MALDI- and now DESI-based
imaging provides a clear motivation for future quantitative studies of these effects..
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3.8

Supporting Information

Figure 3-6 DESI images from human tissue sections from 28 (top), 50 (middle) and 55 (bottom) year-old
individuals illustrating the distribution of (a) [SM(d18:0/16:0)+H]+, (b) [PE (18:1e/18:1)+H]+, (c) [Cer1P
(d18:0/16:0)+H]+, (d) [Chol+H-H2O]+, (e) [SM (d18:0/24:1)+H]+, (f) [PS (18:1e/18:1)+H]+, (g) [Cer
(d18:0/16:0)+H]+ and (h) [LPE (18:1e)+H]+. The colored bar in each image represents an arbitrary
intensity scale used to define each image. The oval appearance of these images arises from a slight
compression of the lens during slicing; this however does not affect the relative dimensions used to define
each region. Variations in the quality of lens slices, even those originating from the same lens, results in
the lower quality of some images. Nonetheless, the images show the same trends observed for the 41
year-old lens with the exception of the ceramides being absent for the younger lenses (28 year-old),
consistent with previously published MALDI-imaging results [40].
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4.2

Abstract
Unsaturated lipids deposited onto a range of materials are observed to react with

the low concentrations of ozone present in normal laboratory air. Parent lipids and
ozonolysis cleavage products are both detected directly from surfaces by desorption
electrospray ionization mass spectrometry (DESI-MS) with the resulting mass spectra
providing clear evidence of the double bond position within these molecules. This
serendipitous process has been coupled with thin-layer chromatography (TLC) to
provide a simple but powerful approach for the detailed structural elucidation of lipids
present in complex biological extracts. Lipid extracts from a human lens were deposited
onto normal phase TLC plates and then developed to separate components according to
lipid class. Exposure of the developed plates to laboratory air for ca. 1 hour prior to
DESI-MS analysis gave rise to ozonolysis products allowing for the unambiguous
identification of double bond positions in even low abundance, unsaturated lipids. In
particular, the co-localization of intact unsaturated lactosylceramides (LacCer) with
products from their oxidative cleavage provide the first evidence for the presence of
three isomeric LacCer (d18:0/24:1) species in the ocular lens lipidome, i.e., variants
with double bonds at the n-9, n-7 and n-5 positions.
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4.3

Introduction
In the lower atmosphere (troposphere), ozone is produced through a series of

photochemical reactions involving molecular oxygen, volatile organic compounds and
oxides of nitrogen (NOx) [327]. In typical urban environments tropospheric ozone levels
are ~30-40 ppb, although this can increase to several hundred ppb in heavily polluted
areas [327]. Even indoors, we are regularly exposed to ozone with elevated levels
arising from the transport of air from outside through ventilation systems, as well as
from production by some office equipment such as photocopiers [328]. Elevated levels
of ozone can lead to a variety of health problems associated with its inhalation, such as
its effects on pulmonary function which have been extensively studied [329-332]. These
pathologies are thought to be initiated by the reaction of ozone with carbon-carbon
double bonds present in lung surfactant via Criegee’s famous mechanism [333].
Reactions of unsaturated lipids with ambient ozone have previously been observed
[109, 334]. Earlier studies have reported the observation of oxidation products of
peptides and phospholipids deposited onto various substrates and air dried prior to
analysis by matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS)
[109, 136]. Cohen analyzed identical samples by electrospray ionization mass
spectrometry (ESI-MS) and found no evidence for oxidation, suggesting these products
were the result of reactions with ambient air during the drying process [109]. The
identity of the oxidation products (e.g., +16 Da from peptides and +48 Da from
unsaturated lipids) and the changing abundance with variations in ambient ozone
concentrations provided strong evidence for ozonolysis chemistry. This study concluded
that the oxidation of samples by ambient ozone can lead to unwanted artifacts that can
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complicate analysis and should thus generally be avoided. However, given recent
renewed interest in the use of ozone for structure elucidation of complex lipids [28, 335]
it is conceivable that the oxidation of molecules by ambient ozone can be exploited as a
tool for structure elucidation.
Electrospray ionization tandem mass spectrometry (ESI-MS/MS) is one of the
most powerful and commonly used tools for the analysis of complex lipids (including
glycolipids, sphingolipids and glycerolipids). Tandem mass spectrometry of [M+H]+,
[M+Li]+, [M-H]- or other intact adduct ions can routinely identify lipid class, sub-class
and acyl chains with respect to the carbon chain length and degree of unsaturation [24,
26]. One limitation of conventional ESI-MS/MS however, is its inability to assign the
position of double bond(s) within unsaturated lipids. As a result, several diverse
approaches have evolved to address this challenge including high energy collisioninduced dissociation (CID) [19, 336-338] and multi-stage CID [339, 340]. However,
while these are useful techniques both have their drawbacks. High energy CID requires
either sector or tandem time-of-flight instruments that are not widely employed for lipid
analysis, while multi-stage CID requires an MSn capable mass spectrometer and can
suffer from low sensitivity. Both techniques also produce extensive fragmentation of the
acyl chains, which can be difficult to interpret and neither has been demonstrated to
effectively characterize mixtures of double bond positional isomers.
The double bond(s) in unsaturated lipids are ideal targets for attack by ozone
[329, 341, 342], with the products of ozonolysis distinctive for different double bond
positions. As a result the reaction of ozone with unsaturated lipids can also be utilized to
allow the assignment of double bond position(s) [28, 341]. The first use of ozonolysis
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for determining fatty acid double bond positions was reported in the early 1960s [343],
while in a more recent study Harrison and Murphy investigated the reaction of ozone
with a thin film of phosphatidylcholine (PC) and identified products by ESI-MS and
MS/MS [341]. The reaction of ozone with an unsaturated PC thin film was shown to
produce both intact ozonides resulting from direct attachment of ozone to a double bond
as well as product ions indicative of the double bond position formed via the
decomposition of the ozonide. More recently, we have developed two related techniques
called ozone-induced dissociation (OzID) [28] and ozone-electrospray ionization
(OzESI) [344] that bring about ozonolysis of unsaturated lipids during mass
spectrometric analysis and thus facilitate assignment of double bond positions via the
formation of two lower mass ions for each fatty acid double bond. OzID has proven to
be an extremely powerful technique as it produces simple spectra and, as it is performed
on mass selected ions inside an ion trap, can be applied to the analysis of complex
mixtures. It does, however, require an ozone generator and a modified ion-trap mass
spectrometer and as such has not yet been widely implemented. By contrast, OzESI
employs the reaction of ozone introduced into the nebulizing gas of an ESI source and
thus requires no significant instrument modification and can be employed on any ESI
mass spectrometer. Similar to OzID, OzESI produces two lower mass ions for each
carbon-carbon double bond that are characteristic of its position along the carbon chain.
The analysis of complex mixtures by this approach however, is made difficult by the
simultaneous ozonolysis of the entire mixture, resulting in overlapping signals from
oxidized and non-oxidized components. Recent work by Cooks and co-workers has also
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demonstrated that low temperature plasma mass spectrometry can produce sufficient
ozone to bring about ozonolysis of simple lipids on a surface [270].
The work presented here describes the reactions of ambient ozone with
unsaturated

lipids

deposited

onto

several

substrates

including

thin-layer

chromatography (TLC) plates. The detection of the parent lipids and their corresponding
ozonolysis products by desorption electrospray ionization mass spectrometry (DESIMS) [305] allows for the unambiguous assignment of double bond positions without the
need for instrument modifications. DESI-MS has previously been shown to be a useful
method for the direct analysis of lipids and other analytes from TLC plates [204, 205,
207, 222, 345-347]. Ambient ozonolysis is then applied to the analysis of a human lens
lipid extract following TLC separation where DESI-MS allows both the lipid
composition and double bond positions to be investigated in a single and simple
analysis.

4.4

Experimental Methods

4.4.1

Materials
Human Lenses were sourced from the NSW Lions Eye Bank (Sydney, NSW,

Australia) through the University of Sydney (Sydney, NSW, Australia). All work was
approved by the University of Sydney human research ethics committee (#7292). All
phospholipid standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Methanol and chloroform (HPLC grade) were purchased from Crown Scientific
(Sydney, NSW, Australia). Deuterated methanol (CD3OD, 99.8% D) was purchased
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from Sigma Aldrich (Castle Hill, NSW, Australia). Sodium acetate was purchased from
Ajax Chemicals (Sydney, NSW, Australia) and polytetrafluoroethylene (PTFE) printed
slides were purchased from Prosolia (Prosolia Inc, Indianapolis, IN, USA). MilliQ water
(Millipore Synergy UV, Billerica, MA, USA) was used for the TLC mobile phase.
Glass-backed normal phase TLC plates (Merck, Silica gel 60 F254 purchased from
Crown Scientific, Sydney, Australia) were used for all TLC experiments.

4.4.2

Sample Preparation and Thin-Layer Chromatography
For time evolution experiments 3 µL of 10 µM solutions (30 pmol) of PC (9Z-

18:1/9Z-18:1) and PS (9Z-18:1/9Z-18:1), prepared in methanol:chloroform (2:1 v/v),
were deposited onto PTFE slides via volumetric pipette and left in the ambient
laboratory environment for 5 min, 1 hour and 2 hours prior to analysis. For the analysis
of lipid standards from TLC plates, 4 µL of 50-100 µM solutions were spotted onto a
TLC plate via volumetric pipette and then allowed to dry in laboratory air for 1 hour
prior to analysis.
Human lens lipid extracts were prepared as previously described [298]. The
crude extract was made up to a volume of 1 mL in methanol:chloroform (2:1 v/v) and
then further diluted approximately 10-fold to prepare the solution to be used for TLC.
For TLC analysis, approximately 40 µL of the human lens lipid extract was deposited
onto one side of the TLC plate using a glass capillary. The deposition was performed
drop-wise ensuring each drop had dried before deposition of the next drop to minimize
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the size of the sample spot. Once dried, the plate was developed in a mobile phase
consisting of chloroform:methanol:water (75:25:2.5 v/v/v).

4.4.3

Desorption Electrospray Ionization (DESI) Mass Spectrometry
DESI-MS was performed on a ThermoFinnigan LTQ mass spectrometer

(Thermo Fisher Scientific, San Jose, CA, USA) operating Xcalibur 2.0 coupled to a
commercial, automated 2-D DESI source (Omni Spray, Prosolia Inc, Indianapolis, IN,
USA). The nebulizing gas was nitrogen (pressure = 100 psi), spray voltage was ±5 kV
and the capillary temperature was 300 °C. For the analysis of lipids deposited onto
PTFE printed slides, methanol and methanol doped with sodium acetate (100 µM) were
used as the spray solvent for negative and positive ion mode, respectively, at a flow rate
of 3 µL.min-1. For TLC analysis methanol was the spray solvent at a flow rate of 15
µL.min-1. Typical instrument parameters for positive ion mode were tube lens +100 V
and capillary voltage +25 V, while for negative ion mode the tube lens was -75 V and
capillary voltage -15 V. Automatic gain control (AGC) was turned on for all nonimaging experiments. All spectra were averaged across the time period in which the ion
of interest was observed and then baseline subtracted in Xcalibur 2.0.

4.4.4

DESI-Imaging of TLC plates
DESI-imaging of TLC plates was performed using similar instrument

parameters described above with the exception of AGC being turned off to give an
acquisition time of 0.63 s.scan-1. The spacing between each successive line scan was
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250 µm while the automated stage was moved at a constant velocity of 397 µm.s-1 and
mass spectra were continuously acquried to give an image pixel size of 250 x 250 µm2.
The raw Xcalibur files were then converted into ANALYZE format for visualization in
the mass spectrometry imaging program BioMapTM 3.7.5.5 (Novartis, Basel,
Switzerland) using FireFlyTM data conversion software (Prosolia Inc, Indianapolis, IN,
USA).

4.5

Results and Discussion

4.5.1

Observation of Ambient Ozonolysis Products
Figure 4-1(a) shows the DESI-MS spectra acquired following deposition of 30

pmol of the phosphatidylcholine, PC (9Z-18:1/9Z-18:1) onto PTFE coated slides and
exposure to the ambient laboratory environment for increasing time intervals prior to
analysis. Ions 48 Da (m/z 856) and 96 Da (m/z 904) heavier than the [M+Na]+ ion at m/z
808 are observed and found to increase in abundance with increasing exposure times.
Additional lower mass ions, most notably 220, 110 and 62 Da lighter than the [M+Na]+
ion, are also observed to increase in abundance with increasing exposure time. A similar
trend in products is also observed for 3 pmol of the phosphatidylserine, PS (9Z-18:1/9Z18:1) deposited onto PTFE and analyzed in negative ion mode (Figure 4-2a).
Significantly, a similar analysis of saturated PC (17:0/17:0) and PS (17:0/17:0) lipids
(Supporting Information Figure 4-7) shows no evidence of similar oxidation products
even after two hours of exposure to laboratory air, suggesting that the oxidation process
is selective for sites of unsaturation. Additionally, the dependence of the abundance of
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the product ions shown labeled with “*” in Figure 4-1(a) and Figure 4-2(a) on
exposure time to the ambient environment prior to analysis suggests that reaction with
ambient air itself is potentially the source of these products and that they are likely the
result of some oxidative process. Furthermore, that the number of +48 Da peaks is equal
to the number of double bonds in the lipid precursor also suggests that the oxidative
process is selective for sites of unsaturation, i.e., 2 for PC (9Z-18:1/9Z-18:1) and PS
(9Z-18:1/9Z-18:1) and zero for saturated PC and PS lipids (Supporting Information
Figure 4-7).
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Figure 4-1 (a) Positive ion DESI-MS spectrum acquired following deposition of 3 µL of a 10 µM
solution of PC (9Z-18:1/9Z-18:1) onto a PTFE coated slide and exposed to laboratory air for 5 minutes, 1
hour and 2 hours prior to analysis. Products originating from ozonolysis of the n-9 fatty acid are labeled
with a “*”. (b) CID spectrum of the m/z 856 ion assigned as [M+O3+Na]+. (c) CID of the m/z 698 ion
assigned as the aldehdye formed upon ozonolysis.
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Figure 4-2 (a) Negative ion DESI-MS spectrum acquired following deposition of 3 µL of a 10 µM
solution of PS (9Z-18:1/9Z-18:1) onto a PTFE coated slide and exposed to laboratory air for 5 minutes, 1
hour and 2 hours prior to analysis. Products originating from ozonolysis of the n-9 fatty acid are labeled
with a “*”. (b) CID spectrum of the m/z 834 ion assigned as [M+O3-H]-. (c) MS3 spectrum of m/z 589
formed following CID of the aldehdye ion at m/z 676 generating loss of the serine headgroup.  =
Fragments associated with the oxidized 9Z-18:1 fatty acid chain.  = Fragments associated with the
unoxidized 9Z-18:1 fatty acid chain.

It is important to note that previous studies have also observed oxidation
products during DESI analysis, with one of the most significant processes resulting in
consecutive additions of 16 Da, corresponding to non-selective oxygen additions to both
saturated and unsaturated molecules [348, 349]. The abundance of these oxidation
products was found to increase with increasing spray potentials, leading to the
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conclusion that these oxidation products arise due to the high potential at the spray
emitter creating a discharge generating reactive oxygen species (ROS) that then react
with the analyte. Additionally, it was found that these oxidation products were only
observed using small emitter-surface (~0.5-1 mm) and emitter-inlet (1-2 mm) distances.
At larger, more typical distances similar to those used in this investigation, little
oxidation could be observed in the resulting mass spectra [348]. This evidence along
with: (i) an increase in oxidation products the longer the sample is exposed to ambient
air independent of the analysis; (ii) the distinct additions of 48 Da (O3) rather than
single oxygen additions; and (iii) the selectivity of the process for unsaturated
molecules, provides evidence that the oxidation observed here is not the result of
discharge-induced oxidation but is consistent with reactions of ambient ozone. The
observation of a similar extent of oxidation in both positive and negative ion mode (cf.
Figure 4-1a and Figure 4-2a) provides further evidence that the observed oxidation is
not the result of a discharge process as ozone is produced much more efficiently in a
negative discharge [350]. During the investigation it was found that the oxidation could
be inhibited simply by storing the sample in an environmental chamber sealed to
external air prior to analysis. This ensures there is no airflow over the sample and as a
result the small amount of ozone present in the air inside the box is rapidly quenched by
the much larger surface area of the box compared to the deposited sample. However,
simply by pumping laboratory air through the box, ozonolysis products identical to
those in Figure 4-1(a) and Figure 4-2(a) are observed. DESI-MS spectra acquired from
PC 9Z-18:1/9Z-18:1 inside a box with and without air pumped through are provided as
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Supporting Information (Figure 4-8). Confirmation for the assignment of these products
as ozonolysis products is provided below.
The ions observed at m/z 856 and 904 in Figure 4-1(a) can be assigned as the
ozonides formed via the addition of ozone to one or both of the monounsaturated fatty
acid chains, i.e., [M+O3+Na]+ and [M+2O3+Na]+. The ozonides most likely exist as the
more stable secondary ozonide (Scheme 4-1), consistent with previous studies [351]. It
is interesting to note that the abundance of the ozonides observed in this investigation
are much greater than those observed under the gas-phase conditions of OzID [28],
which is consistent with stabilization of the ozone adduct on the surface. The ion at m/z
698 in the DESI-MS spectrum from PC (9Z-18:1/9Z-18:1) (Figure 4-1a) is assigned as
the short chain aldehyde containing a 9-oxononanoic acid substituent, formed following
decomposition of the [M+O3+Na]+ ion to the [M+O3+Na-C9H18O2]+ ion (see Scheme
4-1) and is consistent with previous studies investigating the reactions of ozone with
unsaturated phospholipids [28, 341, 342]. Unlike previous phospholipid ozonolysis
studies [28, 109, 341, 344], the Criegee ion expected at m/z 714 is present only at very
low abundance in the DESI-MS spectrum (Figure 4-1b). The m/z 746 ion observed in
the DESI-MS spectrum (Figure 4-1a) is assigned as the ozonolysis product containing
one cleaved chain to give a 9-oxononanoic acid substituent while the remaining
unsaturated chain is present as the ozonide, i.e., the [M+2O3+Na-C9H18O2]+ ion, while
the ion at m/z 588 is assigned as the di-aldehdye formed following ozone-induced
cleavage of both unsaturated fatty acids.
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Scheme 4-1 Mechanism for ozonolysis of PC (9Z-18:1/9Z-18:1). Corresponding masses for products
formed from the isomeric PC (6Z-18:1/6Z-18:1) are shown in parenthesis. Note that for simplicity only
the ozonolysis of one fatty acid chain is shown however an identical reaction can also occur on the second
unsaturated chain.

Figure 4-1(b) shows the CID spectrum acquired from the [M+O3+Na]+ ion of
PC (9Z-18:1/9Z-18:1) observed at m/z 856. The two ions at m/z 698 and 714 are
assigned as the aldehyde and Criegee ions, respectively (cf. Scheme 4-1), both of which
are characteristic of ozonides and are consistent with previous results from phospholipid
ozonolysis [335, 341]. The m/z 698 ion formed by CID is identical to the m/z 698 ion
observed in the DESI-MS spectrum (Figure 4-1a). The relative mass of the aldehyde
ion compared to the [M+Na]+ ion is characteristic of the fatty acid double bond position.
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i.e., a difference of 110 Da between the [M+Na]+ ion and the aldehyde ion is
characteristic of an n-9 double bond ii. The ions at m/z 639 and 655 are assigned as the
headgroup fragments (i.e., loss of N(CH3)3 (-59 Da)) from the aldehyde and Criegee
ions respectively, characteristic of sodiated PC and SM lipids [25, 352]. The base peak
at m/z 669 and the product ion at m/z 585 ion are assigned as radical fragments formed
via homolytic cleavage of the oxygen-oxygen bond of the secondary ozonide (see
Chapter 5). These fragments are consistent with previous observations by Harrison and
Murphy following CID of [M+O3+H]+ ions formed from unsaturated PC lipids on a
surface [341]. Based on the mechanism provided by Harrison and Murphy, these
fragments can only be formed following decomposition of the secondary ozonide, thus
providing evidence for its presence over the primary ozonide. An ion at m/z 810 is
observed and appears to correlate with the loss of formic acid from the ozonide, while a
similar loss is also observed following CID of the [M+2O3+Na-C9H18O2]+ ion at m/z
746 (Supporting Information Figure 4-9). The mechanism leading to loss of HCOOH is
not yet understood but is possibly also initiated via homolytic cleavage of the oxygenoxygen bond of the secondary ozonide (mechanism discussed in Chapter 4).
The CID spectrum of the m/z 698 ion is provided in Figure 4-1(c) and reveals
fragment ions at m/z 639 and 515 corresponding to the loss of trimethylamine (-59 Da)
and the phosphocholine headgroup (-183 Da) respectively. These fragments are
characteristic of the phosphocholine headgroup [25, 352] and confirm that the
ii

The "n" nomenclature refers to the position of the double bond as counted from the methyl end of the carbon chain. While this is
not standard chemical nomenclature, which typically numbers bonds from the carboxylate end of the fatty acid chain, it remains a
commonly used classification of fatty acids. In this manuscript the "n" nomenclature is instructive because the values of neutral loss
due to ozonolysis are common to lipids with the double bonds at the same position in the chain with respect to the methyl terminus.
For example PC (9Z-18:1/9Z-18:1) and SM (d:18:0/15Z-24:1) have differing standards nomenclatures but both contain n-9 double
bonds and thus exhibit a common neutral loss of 110 Da upon ozonolysis.
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headgroup is unmodified during the formation of m/z 698 from the [M+Na]+ ion and
that the modification to form this lower mass ion must arise from a modification to the
fatty acid substituents. Analysis of the CID spectrum acquired from the [M+O3+NaC9H18O2]+ ion observed at m/z 746 is provided as Supporting Information (Section
4.8.1).
Figure 4-2(a) shows the negative ion DESI-MS spectrum obtained from PS (9Z18:1/9Z-18:1) deposited onto PTFE coated slides. The ions at m/z 834 and 882 increase
in abundance with increasing exposure to laboratory air and are assigned as the ozonide
and diozonide, respectively, by analogy to the m/z 856 and 904 ions observed from PC
(9Z-18:1/9Z-18:1) in positive ion mode. A short chain aldehdye (9-oxononanoic acid) is
also observed for PS (9Z-18:1/9Z-18:1) at m/z 676 along with an ion at m/z 724
corresponding to [M+2O3-H-C9H18O2]-. CID of the ozonide at m/z 834 (Figure 4-2b)
yields two abundant ions at m/z 676 and 692 assigned as the aldehyde and Criegee ions,
respectively (cf. Scheme 4-1). Additional ions are observed at m/z 589 and 605 arising
from the loss of the serine headgroup (-87 Da) from the aldehyde and Criegee ions. CID
of the aldehyde ion at m/z 676 in Figure 4-2(a) shows an abundant loss of 87 Da
corresponding to the loss of the serine headgroup to form an ion at m/z 589 (data not
shown). MS3 analysis of this m/z 589 ion (Figure 4-2c) yields information on the two
fatty acid chains present. The product ions at m/z 307 and 325 represent neutral losses
of 282 and 264 Da from m/z 589, corresponding to the loss of the 18:1 fatty acid as a
neutral fatty acid (-282 Da) and a ketene (-264 Da). The ions at m/z 417 and 435
correspond to fragments arising from the loss of 9-oxononanoic acid as a carboxylic
acid (-172 Da) and a ketene (-154 Da), while the ions at m/z 171 and 281 correspond to
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the carboxylate anions of 9-oxononanoic acid and the 18:1 fatty acid [353]. The
presence of fragments arising from 9-oxononanoic acid confirms that one of the 9Z-18:1
fatty acids has been cleaved at the double bond to generate an aldehyde moiety.
The data presented above provide strong evidence that ambient ozone can react
with unsaturated lipids deposited onto a substrate and allowed to dry under ambient
conditions. Additionally, the relative mass difference between the short chain aldehydes
arising from ozonolysis of the fatty acid double bonds and the intact parent ions allows
the unambiguous assignment of the double bond position. In the case of PC (9Z18:1/9Z-18:1) and PS (9Z-18:1/9Z-18:1) (Figure 4-1a and Figure 4-2a) a neutral loss
of 110 Da from the [M+Na]+ or [M-H]- ion to form the short chain aldehyde is
characteristic of an n-9 double bond [28, 344]. Furthermore, a second consecutive 110
Da loss (i.e., m/z 588 in Figure 4-1a), is characteristic of a second n-9 double bond.
Although the results above have been obtained for the analysis of standards, the
reactions of ambient ozone could potentially be used for the differentiation of double
bond isomers within a biologically derived lipid mixture. The direct analysis of a
complex lipid extract following exposure to ambient ozone would however be
complicated by overlapping ion signals arising from multiple molecular lipids and their
ozonolysis products, and also be subject to ion suppression effects [101]. In order to
overcome these problems a simple separation technique applied to the lipids prior to
analysis would be desirable.
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4.5.2

Ozonolysis on Thin-Layer Chromatography (TLC) Plates: Differentiating

Double Bond Isomers
Figure 4-3(a) shows a DESI-MS spectra acquired from a TLC plate following
deposition of an equimolar mixture of PC (9Z-18:1/9Z-18:1) and PC (6Z-18:1/6Z-18:1)
with subsequent drying for one hour under ambient conditions. Both isomeric lipids
give an [M+Na]+ ion at m/z 808 however, due to the difference in double bond positions
between these two lipids each yields distinctly different ozonolysis products. In contrast
to lipid analysis from PTFE, this spectrum shows very little evidence of the ozonides(s)
(+48 Da, +96 Da), suggesting that the silica surface may influence the reaction by
facilitating the decomposition of the ozonide. The ion at m/z 698 corresponds to the
aldehyde formed upon ozonolysis of the n-9 double bond of PC (9Z-18:1/9Z-18:1) as
described above, while the m/z 656 ion corresponds to the aldehyde formed following
ozone induced cleavage of the n-12 double bond in PC (6Z-18:1/6Z-18:1). The ions at
m/z 730 and 688 are each 32 Da above the m/z 698 and 656 aldehdyes, respectively, and
are assigned as a hemiacetal formed via addition of methanol to the aldehyde moiety
during the desorption/ionization process. The hemiacetals are only observed upon
analysis of TLC plates and not from the PTFE substrates, again suggesting the nature of
the surface can influence the reaction. The observation of the hemiacetal may also be
linked to the absence of intact ozonides in the DESI-MS spectra. When the TLC plate is
analyzed with either deuterated methanol (CD3OD) or ethanol the hemiacetal shifts to
36 Da and 46 Da above the corresponding aldehyde, respectively, providing further
evidence for the structure of these adducts (data not shown). Figure 4-3(b) shows a CID
spectrum of the hemiacetal at m/z 688 formed following ozonolysis of PC (6Z-18:1/6Z130
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18:1). The ion at m/z 656 is assigned as the loss of methanol (-32 Da) from the
hemiacetal to form the parent aldehyde while the remaining ions are associated with
losses of trimethylamine or phosphocholine. Methanol loss is also observed for the m/z
730 hemiacetal formed from PC (9Z-18:1/9Z-18:1) (data not shown). As the hemiacetal
is formed as a result of ozonolysis, the observation of a neutral loss of 32 Da from the
hemiacetal can act as a marker to allow any ozonolysis products to be distinguished
from any unoxidized lipids. Hemiacetals have been observed following TLC/DESI-MS
analysis of a variety of unsaturated phospholipids including SM, PS and PG in both
positive and negative mode. In all cases CID results in the loss of methanol to form the
corresponding aldehyde (data not shown).

Figure 4-3 Positive ion DESI-MS spectrum of an equimolar (50 µM each) mixture of isomeric PC (9Z18:1/9Z-18:1) and PC (6Z-18:1/6Z-18:1) (containing n-9 and n-12 double bonds respectively) deposited
onto a silica TLC plate and exposed to laboratory air for one hour prior to analysis. Each double bond
generates a distinctive aldehdye and hemiacetal ion allowing for the isomeric lipids to be distinguished.
(b) CID spectrum of the hemiacetal ion at m/z 688 shown in (a) formed following ozonolysis of the n-12
fatty acid in PC (6Z-18:1/6Z-18:1) which reveals a loss of methanol (-32 Da) characteristic of the
hemiacetal.

131

Chapter 4: Using Ambient Ozone for Assignment of Double Bond Position in
Unsaturated Lipids
4.5.3

Analysis of a Human Lens Lipid Extract by TLC/DESI-MS
In recent years our group has focused on the elucidation of the lipidome of the

human lens using electrospray ionization MS with direct infusion of lipid extracts [39,
298]. Direct analysis of the tissue itself using DESI-MS revealed several minor lipid
components that had not been identified in our previous analysis [207]. In an effort to
examine these in more detail human lens lipid extracts were spotted onto silica TLC
plates, developed (see methods) and visualized by DESI-MS-imaging.
Figure

4-4

shows

the

distribution

of

the

sphingomyelin

(SM),

[SM(d18:0/16:0)+Na]+ at m/z 727, [PC (16:0/16:0)+Na]+ at m/z 756 and the
lactosylceramide (LacCer), [LacCer (d18:0/16:0)+Na]+ at m/z 886, all of which are the
most abundant saturated lipids for their respective classes [298, 319, 354]. As the
separation of phospholipids and glycolipids by normal phase TLC is primarily
dependant on headgroup polarity the distributions observed for SM, PC and LacCer are
representative of all other lipids in these classes. As expected, the choline containing
lipids (SM and PC) have the lowest retention factor (RF) under normal phase TLC
conditions due to the permanent positive charge on the quaternary nitrogen.
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Figure 4-4 (a) Ion distribution images generated following TLC separation of a human lens extract for (a)
m/z 727, [SM (d18:0/16:0)+Na]+, (b) m/z 756, [PC (16:0/16:0)+Na]+ and (c) m/z 886, [LacCer
(d18:0/16:0)+Na]+. Each lipid is the most abundant saturated species of its class [298, 319, 354]. TLC
plate was developed from left to right (i.e., RF increases from left to right).

Figure 4-5 shows DESI mass spectra obtained from the TLC plate following
separation and exposure to the ambient laboratory environment for one hour to facilitate
ozonolysis. Figure 4-5(a) shows a DESI mass spectrum integrated over the area of the
TLC plate where the intensity of the most abundant unsaturated SM in the human lens,
SM (d18:0/24:1), is greatest [298]. The base peak at m/z 727 corresponds to [SM
(d18:0/16:0)+Na]+, while m/z 837 corresponds to [SM (d18:0/24:1)+Na]+. DESI-MS
analysis of the TLC plate also reveals products originating from ambient ozonolysis of
the double bond in SM (d18:0/24:1). The most abundant isomer of this lipid
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corresponds to the n-9 lipid, SM (d18:0/15Z-24:1) iii [28], which upon ozonolysis yields
ions at m/z 727 and 759 corresponding to the aldehyde and hemiacetal formed following
ozonolysis of the n-9 acyl chain. The presence of two isobaric ions at m/z 727 can be
confirmed by the presence of the hemiacetal. CID of the hemiacetal at m/z 759 shows a
neutral loss of 32 Da corresponding to the loss of methanol to form the parent aldehdye
at m/z 727 (Supporting Information Figure 4-10a), thus confirming that at least part of
the ion population of m/z 727 contains the aldehdye formed by ozonolysis of SM
(d18:0/15Z-24:1). The DESI-MS spectrum (Figure 4-5a) also reveals two additional
sets of ions at m/z 755/787 and m/z 783/815 which do not correspond to the sodiated
ions of any known human lens SMs [298]. They do, however, correspond to the
expected aldehyde and hemiacetal ions formed following ozonolysis of the n-7 and n-5
acyl chains of the isomeric lipids SM (d18:0/17Z-24:1) and SM (d18:0/19Z-24:1),
respectively. The assignment of these ions as ozonolysis products is supported by CID
of the hemiacetals at m/z 787 and m/z 815 which reveals the loss of methanol, thus
demonstrating the presence of the hemiacetals (Supporting Information Figure 4-10b
and Figure 4-10c). The observation of n-9, n-7 and n-5 isomers from SM (d18:0/24:1)
is consistent with previous OzID data [28]. Other ions present in the DESI spectrum
acquired from the SM spot on the TLC plate are due to other less abundant SMs and
potentially their oxidation products.

iii

The stereochemistry of native lipids is assumed to be cis (Z)
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Figure 4-5 DESI-MS spectra acquired from a TLC plate following separation of human lens lipid extract
and exposure to ambient air for one hour prior to analysis. DESI spectra are obtained from the region of
the TLC plate containing (a) SM, (b) PC and (c) LacCer. Each spectrum is averaged across the area in
which the most abundant unsaturated lipid of each class (labeled with a “*”) is distributed. Ozonolysis
products of the most abundant unsaturated lipid from each class are labeled and each double bond results
in the formation of an aldehdye and hemiacetal ion.  = ozonolysis products originating from the n-9
isomer,  = ozonolysis products originating from the n-7 isomer. ● = ozonolysis products originating
from the n-5 isomer.
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Figure 4-5(b) shows a DESI-MS spectrum integrated over the region of the
TLC plate containing PC lipids. The ion at m/z 840 is due to the PC internal standard
added to the lens extract, [PC (19:0/19:0)+Na]+. The most abundant PC in the human
lens corresponds to PC (16:0/18:1) which represents one third of all lens PC [298]. This
lipid is observed as the [M+Na]+ ion at m/z 782, noting that the presence of the
positional isomer PC (18:1/16:0) cannot be excluded. It is interesting to note that
although this lipid is approximately five times more abundant in the human lens than
the saturated lipid [PC (16:0/16:0)+Na]+ (m/z 756), the latter appears with a
significantly greater peak abundance [298]. This arises due to ozonolysis of the double
bond of PC (16:0/18:1) leading to the formation of a number of lower mass ozonolysis
products that decrease the peak intensity of the [M+Na]+ ion.
Analysis of the DESI spectrum shown in Figure 4-5(b) reveals the presence of
several ozonolysis products from PC (16:0/18:1). The ions at m/z 672 and 704 represent
neutral losses of 110 and 78 Da from [PC (16:0/9Z-18:1)+Na]+ and correspond to the
aldehdye and hemiacetal ions formed following ozonolysis of the n-9 fatty acid chain.
Ozonolysis of the isomeric lipid [PC (16:0/11Z-18:1)+Na]+ is also observed with the
aldehdye and hemiacetal ions from the n-7 fatty acid observed at m/z 700 and 732,
respectively. The identity of the m/z 704 and 732 ions was confirmed from the CID
spectra that show the loss of methanol (Supporting Information Figure 4-10d and
Figure 4-10e). Additionally, no lipids corresponding to these lower masses were
observed in the previous comprehensive analysis of human lens lipids by Deeley et al.,
providing further evidence for the assignment of these ions as ozonolysis products
[298]. An ion at m/z 728 is also observed in the DESI-MS spectrum from the PC region
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of the TLC plate. While this ion could correspond to the aldehdye formed from
ozonolysis of a n-5 fatty acid, i.e., PC (16:0/13Z-18:1), there is no abundant ion at m/z
760 that could be assigned as the corresponding hemiacetal, suggesting that the m/z 728
ion likely corresponds to the [M+Na]+ ion of the known human lens lipid PC
(14:0/16:0) [298]. Additional ions present in Figure 4-5(b) can be assigned as low
abundance PC lipids and potentially ozonolysis products from less abundant unsaturated
lipids (see Supporting Information Section 4.8.2).
Figure 4-5(c) shows the ion distribution image for m/z 886, corresponding to the
[M+Na]+ ion of LacCer (d18:0/16:0), which has previously been suggested as the most
abundant glycolipid in the human lens [319, 354]. Figure 4-5(c) shows the DESI-MS
spectrum averaged across the area of the TLC plate where the LacCer (d18:0/24:1) is
most abundant [319, 354]. As glycolipids represent approximately 1% of total lens
lipids [355] they are difficult to observe by direct infusion ESI-MS of the lipid extract
due to ion suppression effects. Although the signals from the LacCer lipids are more
than an order of magnitude lower than those observed for the SMs, following TLC
separation the abundant LacCer species can still be observed with good signal-to-noise
ratios.
By analogy with the results observed for SM (d18:0/24:1) it would be expected
that LacCer (d18:0/24:1) would also be present in the lens as a mixture of double bond
positional isomers due to their shared biosynthetic ancestry. As observed for SM
(d18:0/24:1), the ozonolysis of the n-9 fatty amide of LacCer (d18:0/15Z-24:1) gives an
aldehdye ion at m/z 886 that is isobaric with [LacCer (d18:0/16:0)+Na]+. However, the
presence of the isobaric aldehdye ion at m/z 886 is supported by CID of the
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corresponding hemiacetal ion observed at m/z 918 (Supporting Information Figure
4-10f), thus confirming the presence of LacCer (d18:0/15Z-24:1). The ion at m/z 914
can be assigned as either [LacCer (d18:0/18:0)+Na]+, a known lens glycolipid [319], or
the aldehdye formed upon ozonolysis of the n-7 lipid, LacCer (d18:0/17Z-24:1). An ion
at m/z 946 is also observed that could potentially be assigned as the corresponding
hemiacetal formed following ozonolysis of this n-7 fatty amide. An additional low
abundance ion is observed at m/z 942, which could correspond to the aldehdye formed
upon ozonolysis of the n-5 chain of LacCer (d18:0/19Z-24:1). However, very little of
the corresponding hemiacetal is observed, most likely due to the low abundance of this
isomer. It is possible that the m/z 942 ion could also arise from [LacCer
(d18:0/20:0)+Na]+, however previous studies have shown this lipid is only present at
trace levels in the human lens [319, 354]. Additional ions observed at m/z 970 and 998
are assigned as the sodiated ions of LacCer (d18:0/22:0) and LacCer (d18:0/24:0), both
of which are known lens glycolipids [319, 354].
Due to the low abundance of these ions and the lack of an n-5 hemiacetal, the
presence of the n-7 and n-5 isomers of LacCer (d18:0/24:1) cannot be confirmed by
CID. Interestingly, within each lipid region the DESI spectrum from each pixel suggests
partial separation of lipids within the same class based on the length of the fatty acyl
chains. It is observed that lipids containing shorter acyl chains have slightly lower
retention factors than those containing longer acyl chains due to the slightly greater
hydrophilicity of the shorter chain species. This partial separation can be utilized to
assign lower mass ions as either ozonolysis products of larger lipids or smaller,
unoxidized lipids. As lipids are separated prior to exposure to laboratory air, it is
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expected that all ozonolysis products are co-localized with their lipid precursor. As a
result, any low mass lipids that are in fact ozonolysis products of higher mass lipids
would be expected to have a slightly higher RF value (identical to that of the lipid
precursor) than lipids of similar mass that have not undergone ozonolysis (e.g., shorter
chained saturated lipids). This co-localization can thus be used to assign both low mass
ions as ozonolysis products and also their lipid precursor. Figure 4-6 provides ion
chromatograms for m/z 886, 970, 996, 914 and 942 across the region of the TLC plate
containing the LacCers. Due to increasing acyl chain length m/z 886 ([LacCer
(d18:0/16:0+Na]+) has the lowest RF value followed by m/z 970 ([LacCer
(d18:0/22:0+Na]+) and m/z 996 ([LacCer (d18:0/24:1+Na]+). The ion chromatogram for
m/z 886 reveals a shoulder on the high RF side. This is due to partial separation of the
isobaric [LacCer (d18:0/16:0+Na]+ and n-9 aldehyde ion formed by ozonolysis of
LacCer (d18:0/15Z-24:1). The ions at m/z 914 and 942, assigned as the sodiated
aldehyde ions formed following ozonolysis of LacCer (d18:0/17Z-24:1) and LacCer
(d18:0/19Z-24:1), are found to have identical RF values as observed for [LacCer
(d18:0/24:1+Na]+, providing evidence that these ions are arising from the ozonolysis of
n-7 and n-5 isomers of LacCer (d18:0/24:1) rather than the isobaric, unoxidized lipids
LacCer (d18:0/18:0) and LacCer (d18:0/20:0). LacCer (d18:0/18:0) and LacCer
(d18:0/20:0) would be expected to have lower RF values than LacCer (d18:0/24:1) and
are known to only be present at low levels in the lens [319, 354]. These data represent
the first simultaneous observation of n-9, n-7 and n-5 isomers from human lens
LacCers. Confidence in the assignments of ozonolysis products based on their colocalization with their unoxidized lipid precursor could be improved simply by
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developing the TLC plate over a larger distance to provide better separation of lipids
with similar RF values. However, the range of motion of our current automated DESI
stage limits this distance to a maximum of 36 mm. Furthermore, 2-D TLC would allow
more efficient separation and thus improve the confidence in lipid assignments based on
co-localization.

Figure 4-6 Single ion chromatograms for (a) m/z 886 - [LacCer (d18:0/16:0)+Na]+, (b) m/z 970 - [LacCer
(d18:0/22:0)+Na]+, (c) m/z 996 - [LacCer (d18:0/24:1)+Na]+, (d) m/z 914 and (e) m/z 942 acquired across
the region of the TLC plate containing the LacCers. The co-localization of m/z 914 and 942 with m/z 996
confirms the assignment of these ions as the aldehdye formed following ozonolysis of the n-7 and n-5
acyl chains of [LacCer (d18:0/17Z-24:1)] and [LacCer (d18:0/19Z-24:1)], respectively.
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4.6

Conclusions
This study has demonstrated that the reaction of ambient ozone with lipids

deposited onto a substrate and analyzed by DESI-MS allows the simple yet
unambiguous assignment of double bond position(s) within complex lipids. Unlike
OzESI [344] and OzID [28] methods, ambient ozonolysis does not require an ozone
generator or modification of instrumentation. When combined with prior TLC
separation this method allows both the lipid composition and double bond position(s)
within a complex lipid extract to be investigated in a single analysis, whilst minimising
the complexity of the resulting spectra. As demonstrated however, overlapping signals
between molecular lipids and oxidation products within a single lipid class can still arise
but can be ameliorated by the co-localisation of unsaturated lipids with their oxidation
products.
The results reported here are consistent with a prior body of work showing that
ozonolysis products are formed from unsaturated lipids on surfaces under ambient
conditions. Reaction with background ozone has been observed to take place on a wide
range of substrates including Teflon, TLC silica [136], glass (also undertaken in the
present study but data not shown), stainless steel MALDI plates [109] and even human
skin [334]. In another recent study, identical ozonolysis products were observed when
unsaturated lipids were deposited on a silicon-based material but in this case the
observation was attributed to the catalytic properties of the nanostructured surface
[164]. In light of our own observations (reported here) and those of Cohen [109], it
seems more probable that chemistry observed on silicon is simply an additional
example of ambient ozonolysis and is largely independent of the surface material itself.
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Indeed, it would appear to be a further advantage of the approach described herein that
it can be conducted on a diverse array of substrates and can thus be incorporated in a
wide range of analytical protocols.
These data also highlight the need for caution when performing mass
spectrometry-based analysis of lipids deposited onto substrates such as TLC plates that
are exposed to the ambient environment. Ambient ozonolysis will selectively reduce the
peak intensity of unsaturated lipids as they are oxidized to lower mass fragments (such
as aldehydes and hemiacetals), while saturated lipids will be unaffected. As a result, if a
quantitative analysis is performed one must be aware of the possibility of ambient
ozonolysis and strategies to account for decreased peak intensity of unsaturated species
will need to be implemented.
Finally, it should be mentioned that as ambient ozone concentrations will
fluctuate with the time of day and year, along with geographical location, the efficacy of
ambient ozonolysis will be dependent on these and other environmental factors (e.g.,
humidity) [109, 356]. Indeed, we have observed ambient ozonolysis throughout an
entire year in Wollongong (NSW, Australia) and also during winter in Indiana (Indiana,
USA) suggesting that despite variations in ambient ozone concentrations, this method
should be of use to many laboratories around the world.
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4.8

Supporting Information

Figure 4-7 (a) Positive ion DESI-MS spectrum acquired from PC (17:0/17:0) and (b) negative ion DESIMS spectrum acquired from PS (17:0/17:0) following deposition onto PTFE coated slide and exposure to
laboratory air for two hours prior to analysis. As expected no ozonolysis products are observed for these
saturated lipids.
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Figure 4-8 DESI-MS spectra acquired from PC (9Z-18:1/9Z-18:1) deposited onto PTFE slides and placed
in an environmental chamber sealed to external air with (a) ambient air continuously pumped through the
box for one hour and (b) no air pumped through box for one hour prior to analysis.

4.8.1

Analysis of the CID Spectrum of [M+2O3+Na-C9H18O2] + formed from [PC (9Z-

18:1/9Z-18:1)+Na] +
The CID spectrum of the [M+2O3+Na-C9H18O2]+ at m/z 746 (Figure 4-9)
reveals two ions at m/z 588 and 614 corresponding to the aldehyde and Criegee ions
formed following further oxidative cleavage of the intact 9Z-18:1 fatty acid chain, thus
providing strong evidence for the assignment of this ion as an ozonide. This m/z 588
ion, assigned as the di-aldehyde species, is identical to the m/z 588 ion observed in the
DESI-MS spectrum in Figure 4-1(a). The ions at m/z 687, 529 and 545 correspond to
the loss of N(CH3)3 from the aldehyde and Criegee ions, respectively, while the m/z 700
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ion corresponds to the loss of formic acid (cf. m/z 856 in Figure 4-1b). The m/z 559 ion
is assigned to the decomposition of the secondary ozonide via an identical mechanism
to the formation of the m/z 669 ion following CID of the [M+O3+Na]+ ion. Further
evidence for the assignment of m/z 588 and 746 as products originating from ozonolysis
of both fatty acid chains is provided by their presence in the CID spectrum of
[M+2O3+Na]+ observed at m/z 904 in (data not shown).

Figure 4-9 CID spectrum of the [M+2O3+Na-C9H18O2]+ ion formed following ambient ozonolysis of PC
(9Z-18:1/9Z-18:1) deposited onto a PTFE coated slide.

4.8.2

Assignment of Additional PC Lipids Observed by TLC/DESI-MS of a Human

Lens Extract
The ion at m/z 810 in Figure 4-5(b) is assigned as the [M+Na]+ ion of PC
(18:0/18:1) which represents ca. 8% of total lens PC [298]. Upon ozonolysis this lipid
would be expected to exhibit ions at m/z 700, 732, 728 and 760 corresponding to the
aldehdye and hemiacetal ions formed from n-9 and n-7 double bonds. The m/z 760 is
present in the DESI spectrum at very low abundance, while the ions at m/z 700 and 732
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are assigned as ozonolysis products of the more abundant PC (16:0/18:1) and m/z 728
can also be assigned as the [M+Na]+ ion of the known lens lipids PC (14:0/16:0) [298].
However, it is likely that a small fraction of these ion populations are due to ozonolysis
of PC (18:0/18:1). The DESI spectrum also reveals an ion at m/z 768 which could
correspond to the sodiated ion of the ether lipid, PC (16:0e/18:1) [298]. The low mass
ions at m/z 758, 690, 686 and 718 can then be tentatively assigned as the aldehdye and
hemiacetal ions following ozonolysis of the isomeric lipids PC (16:0e/9Z-18:1) and PC
(16:0e/11Z-18:1), respectively.
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Figure 4-10 CID spectra of the hemiacetals generated following TLC separation and ambient ozonolysis
of a human lens lipid extract formed from (a) [SM (d18:0/15Z-24:1)+Na]+, (b) [SM (d18:0/17Z24:1)+Na]+, (c) [SM (d18:0/19Z-24:1)+Na]+, (d) [PC (16:0/9Z-18:1)+Na]+, (e) [PC (16:0/11Z-18:1)+Na]+
and (f) [LacCer (d18:0/15Z-24:1)+Na]+. In all cases a loss of methanol (-32 Da) is observed, confirming
the assignment of these ions as hemiacetals and thus confirming they are ozonolysis products

.
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5.2

Abstract
The decomposition of secondary ozonides formed by the reaction of a thin film

of unsaturated lipids (fatty acid methyl ester or phospholipid) with ozone on a surface is
investigated in the gas-phase by multi-stage collision-induced dissociation (CID) and
ion-molecule reactions using an ion trap mass spectrometer. CID of secondary ozonides
is found to produce a variety of product ions that can be rationalized by homolysis of
the oxygen-oxygen bond and subsequent decomposition of the nascent biradical.
Significantly, several carbon-centered radicals are observed in addition to the classical
aldehyde and carbonyl oxide (or isomers thereof) fragments. Dissociation of
phospholipid secondary ozonides reveals a number of decomposition pathways that
suggest radical migration is also a major process. Identical radical fragments are formed
upon photolysis of secondary ozonides at 300 nm. This finding indicates that
photoactivation of secondary ozonides formed by the reaction of aerosol-bound lipids
with tropospheric ozone may initiate radical-driven chemistry in the atmosphere.
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5.3

Introduction
Large amounts (Tg/year) of small alkenes, in the form of volatile organic

compounds, are emitted into the atmosphere every year from a variety of biogenic and
anthropogenic sources [327, 357, 358]. Less volatile long-chain molecules such as fatty
acids and other lipids are also emitted into the atmosphere through a variety of natural
and man-made mechanisms, and are well-known to be components of atmospheric
aerosols [327, 358-361]. For example, lipids are important components of all cell
membranes and thus form a significant part of the organic layer on the surface of sea
water following the decomposition of marine organisms [362-367]. Wave action on the
ocean surface leads to the formation of sea salt-based aerosols onto which organic
material from the surface layer, including lipids, becomes bound. Once formed, marine
aerosols, along with those from biomass burning and automobiles, will be exposed to
oxidizing species in the atmosphere. The oxidation of organic matter on aerosol
particles will invariably alter their hygroscopic properties [364, 365, 368, 369] and is
thus a key driver in mechanisms of cloud condensation.
Ozone is one of the most important atmospheric oxidants, particularly for
unsaturated species, and can react with such molecules either in the gas-phase or on
surfaces (e.g., aerosol particles). The accepted mechanism for ozonolysis was proposed
by Criegee in the 1950s and is summarized in Scheme 5-1 [333]. Briefly, ozone first
adds across a carbon-carbon double bond to form an unstable primary ozonide (or 1,2,3trioxolane) that readily decomposes to form an aldehyde and a vibrationally excited
carbonyl oxide (sometimes referred to as the Criegee intermediate). The initial
attachment of ozone to a double bond to form the primary ozonide (Scheme 5-1) has
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previously been computed to be exothermic by ~55 kcal/mol in the case of ethene [370].
On surfaces and in solution where a solvent cage exists, the aldehyde and carbonyl
oxide intermediates are held in close proximity. Under these conditions, the reactive
intermediates can recombine to form a more stable secondary ozonide (or 1,2,4trioxolane) (Scheme 5-1). Ozonolysis on surfaces such as aerosol particles also
facilitates the formation of stable secondary ozonides by providing alternative pathways
for the energy from the initial ozone addition to be dispersed. Indeed, Karagulian et al.
[371] have observed the formation of secondary ozonides from unsaturated lipids on the
surfaces of model sea salt aerosols, while we have observed secondary ozonide
formation on various surfaces following ozonolysis of unsaturated phospholipids under
ambient conditions [206].

Scheme 5-1 Criegee mechanism of alkene ozonolysis [333].
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In the gas-phase however, the aldehyde and carbonyl oxide intermediates can
become rapidly separated resulting in comparatively little recombination. Additionally,
relaxation of energetically excited carbonyl oxide intermediates can be slow, providing
opportunity for unimolecular rearrangement or decomposition [327]. The formation of
stable secondary ozonides is also partly determined by the carbon chain length of the
reacting alkene. For example, in larger molecules such as lipids, the excess energy can
be effectively dispersed through many degrees of freedom making formation of a stable
secondary ozonide more probable.
While it is accepted that tropospheric ozone reacts with organics adsorbed onto
aerosol particles and that such reactions can lead to the formation of stable secondary
ozonides [364, 365, 371, 372], the fate of these secondary ozonides in the atmosphere is
not as well understood. It is possible that activation of secondary ozonides, either
thermally or by photolysis, can facilitate their decomposition into a number of lower
mass components. Several studies have investigated the thermal decomposition of
secondary ozonides in both the gas and solution-phase, and in all cases, aldehydes and
carboxylic acids are observed as major products [373-378]. Studies by Hull et al. [375]
and Khachatryan et al. [376] have provided evidence for a radical mechanism leading to
the formation of aldehdyes and carboxylic acids. This involves initial homolysis of the
oxygen-oxygen bond to produce a biradical which then follows rearrangement and
dissociation pathways to give an aldehyde and carboxylic acid (refer to Scheme 5-2).
The intermediacy of the biradical is also consistent with a variety of other products
observed upon ozonide activation. While it is well-known that ozonolysis of alkenes
produces hydroxyl radicals [379-383], work by Pryor and co-workers investigating the
154

Chapter 5: Decomposition Pathways of Lipid Secondary Ozonides

thermal decomposition of the secondary ozonide of allylbenzene found evidence for the
formation of carbon- and oxygen-centered radicals [374]. UV-photolysis of secondary
ozonides has also been undertaken with several studies observing spectroscopic
signatures consistent with products of biradical decomposition [371, 377, 384-386].
While these studies have found evidence for radical formation following secondary
ozonide activation, the structure of the radicals themselves has not been clearly
elucidated.
Mass spectrometry is a powerful tool for observing and studying the structure of
reactive intermediates in the gas-phase. Using this approach, Harrison and Murphy
[341] studied the fragments arising from collision-induced dissociation (CID) of
phospholipid secondary ozonides. Along with the characteristic aldehyde and
carboxylic acid fragments (or isomers thereof), ions with masses suggestive of radical
ions were observed. These were assigned as carbon-centered radicals formed from the
biradical by a β-scission mechanism, however the structures of the radicals were not
investigated further. In this study we have probed the intrinsic unimolecular
decomposition of lipid secondary ozonides analogous to those likely to be present on
marine aerosols. This has been undertaken by electrospray ionization tandem mass
spectrometry (MS/MS) where surface-formed secondary ozonides have been gently
transferred to the gas-phase for subsequent activation. The molecular structure of radical
products formed by activation has been studied using multi-stage tandem mass
spectrometry (MSn) and ion-molecule reactions. These data are compared to
decomposition products (including radicals) formed by photodissociation (PD) using
wavelengths within the actinic window. These investigations provide insight into the
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possibility of direct decomposition of secondary ozonides under atmospheric conditions
being a source of radicals in the atmosphere.

5.4 Experimental
5.4.1

Materials
All phospholipids standards were purchased from Avanti Polar Lipids

(Alabaster, AL, USA). Fatty acids were purchased from Nu-Chek Prep (Elysian, MN,
USA) with the exception of isotopically labeled oleic acid (d17) which was purchased
from Cayman Chemical (Michigan, USA). Methanol, chloroform and pentane (all
HPLC grade) were purchased from Crown Scientific (Sydney, NSW, Australia).
Sodium acetate was purchased from Ajax Chemicals (Sydney, NSW, Australia). Boron
trifluoride was purchased from Sigma Aldrich (Castle Hill, NSW, Australia). All
compounds were used without further purification.

5.4.2

Fatty Acid Methyl Ester Preparation
Approximately 1 mg of each fatty acid standard was dissolved in 1 mL of 10%

boron trifluoride in methanol and stirred for 20 minutes at room temperature. Water (0.5
mL) and pentane (1 mL) were then sequentially added to the solution to separate
aqueous and organic components. The organic layer containing the fatty acid methyl
ester (FAME) component was then removed with a FAME concentration of
approximately 3 mM in pentane.
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5.4.3

Ozonide Synthesis
Ozonide preparation was modeled on the method reported by Harrison and

Murphy [341]. First 20-50 nmoles of lipid present as 0.2-3.0 mM solutions in either
methanol, 2:1 methanol:chloroform (phospholipids) or pentane (fatty acid methyl
esters) was deposited into a 10 mL glass vial and the solvent removed under a stream of
dry nitrogen. The vial containing the dried lipid film was placed in a Drechsel bottle
which was connected to an ozone generator (HC-30 ozone generator, Ozone Solutions,
Sioux Center, IA). Oxygen (backing pressure 140 kpa) was passed through the ozone
generator following which the oxygen flow rate was restricted to 100-150 mL.min-1 and
directed into the glass vial. The power output of the ozone generator was 30 (arbitrary
units) and ozone was passed over the lipid film for 2-5 minutes after which time the
ozone generator was turned off and the system flushed with oxygen for 10 minutes.
During ozonolysis, excess ozone exiting the Drechsel bottle was destroyed by bubbling
through an aqueous solution of sodium thiosulfate, sodium iodide, and vitex indicator.
The vial was then removed and lipids and their oxidation products dissolved by addition
of ~1.5-2 mL 2:1 methanol:chloroform (v/v) giving a final lipid concentration of 10-25
µM. Methanolic sodium acetate was then added to a final salt concentration of 50 µM.
This solution was then analyzed by ESI-MS/MS.

5.4.4

Electrospray Ionization Mass Spectrometry
Electrospray ionization mass spectrometry (ESI-MS) was performed on a

ThermoFinnigan LTQ mass spectrometer (now Thermo Fisher Scientific, San Jose, CA,
USA) operating Xcalibur 2.0 software. Samples were infused at a flow rate of 3-5
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µL.min-1 with a spray voltage of +4 kV. The automatic tune function was used to
optimize the ion optics for the detection of secondary ozonides of each lipid class. The
capillary temperature was typically 200 °C, while typical tube lens voltages were 235 V
for phospholipid ions and +65 V for fatty acid methyl esters. For CID, ions were
isolated with an isolation window of 2-3 Da and activated with collision energy of 2030 (arbitrary units). In some instances, where isolation of individual isotopologues was
difficult with a single isolation step, ions were isolated using a nested isolation
procedure in which isolation was repeated three times using a sequence of isolation
widths of 5, 2 and 3-5 Da.
For ion-molecule reactions involving background oxygen, the radical precursor
was first generated by CID of the corresponding ozonide and then isolated in the ion
trap without collisional activation. The reaction time with background oxygen was
controlled by adjusting the ion activation time (500-7000 ms) for the appropriate MSn
step. Each spectrum represents an average of at least 50 scans.

5.4.5

Ozone-Induced Dissociation
Ozone-induced dissociation (OzID) was performed as previously described [28].

Ozone was generated as described above and collected in a plastic syringe. Ozone was
introduced by attaching the plastic syringe to a PEEK-sil tubing restrictor (100 mm L x
1/16 in. o.d. x 0.025 mm i.d, SGE Analytical Science) connected to the helium supply
line via a shut-off ball valve and T-junction. The helium flow rate was controlled using
a metering valve. A backing pressure was applied to the syringe (25 µL.min-1) using a
syringe pump thereby introducing ozone into the ion trap. Ozonolysis reaction time was
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controlled by adjusting the ion activation time. For phospholipids the reaction time was
10 s following which the ion appearing 48 Da above the mass selected parent ion was
isolated and fragmented via CID. For analysis of secondary ozonide decomposition
products, the surface-synthesized ozonide was fragmented by CID and the -46 Da
fragment ion isolated in an MS3 experiment and allowed to undergo OzID with a
reaction time of 1 and 10 s for FAME and phospholipids, respectively.

5.4.6

Photodissociation
Photodissociation using a Quanta-Ray INDI Nd:YAG pumped optical

parametric oscillator (OPO) laser system (Spectra-Physics, Santa Clara, CA, U.S.A)
was performed as previously described [387]. Briefly, a quartz viewport was fitted to
the backplate of the LTQ vacuum manifold to allow transmission of a laser beam into
the ion trap. To ensure isolated ions are only activated with a single laser pulse, a
mechanical shutter is placed at the exit of the aperture of the OPO and synchronized
with the activation sequence of the mass spectrometer using a TTL pulse generated at
the beginning of the appropriate MSn activation step. Ions were isolated with a nested
isolation sequence of 5, 2 and 10 Da to ensure no fragmentation occurred during
application of the final isolation waveform. After isolation ions were irradiated using
either a 260 or 300 nm laser pulse and spectra averaged over 200 scans.
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5.5

Results and Discussion

5.5.1

Decomposition of Secondary Ozonides formed from Fatty Acid Methyl Esters
(FAME)
Ozonolysis of a thin film of methyl oleate (FAME 9Z-18:1) over several minutes

resulted in complete oxidation and formation of several oxidation products, including
secondary ozonides. Figure 5-1(a) shows the full ESI-MS spectrum acquired following
ozonolysis of FAME 9Z-18:1 for three minutes and extraction of the reaction products
formed on the surface. The [M+Na]+ ion expected at m/z 319 is absent confirming
complete oxidation, while an abundant ion with a mass 48 Da greater is observed at m/z
367 and is assigned as the [M+O3+Na]+ ion, i.e., the secondary ozonide. The base peak
at m/z 411 is assigned to the cross-ozonide formed via the recombination of an aldehyde
and carbonyl oxide intermediate from two separate FAME molecules where both
fragments contain the methyl ester moiety. This assignment is supported by CID
analysis (data not shown) and is consistent with previous literature reports for
ozonolysis of simple alkenes, fatty acids (including methyl esters) and triacylglycerides
(TAGs) [388-391]. The ions at m/z 209 and 235 observed in the full MS spectrum
(Figure 5-1a) are assigned as an aldehyde (9-oxononanoic acid methyl ester) and
carboxylic acid (9-methoxy-9-oxononanoic acid), both of which are well-known
products of lipid ozonolysis (Scheme 5-1).
The CID spectrum acquired from the [M+O3+Na]+ ion of FAME 9Z-18:1
observed at m/z 367 is shown in Figure 5-1(b). Scheme 5-2 outlines the possible
products that can be formed following activation of the secondary ozonide. The masses
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highlighted in red are observed in the CID spectrum in Figure 5-1(b) and these are
discussed in detail below.

Figure 5-1 (a) Full ESI-MS spectrum acquired following ozonolysis of a thin film of methyl oleate for
three minutes and extraction of oxidation products. The secondary ozonide ion ([M+O3+Na]+) is observed
at m/z 367. (b) CID spectrum of the [M+O3+Na]+ ion.

The product ions observed at m/z 209 and 225 in Figure 5-1(b) correspond in
mass to the aldehyde and carbonyl oxide, respectively, although in the latter case
rearrangement of the carbonyl oxide to other isomers seems likely (Scheme 5-1). Given
that the structure of the m/z 225 ion is ambiguous, we refer to it here (and in analogous
instances) as the Criegee ion. These ions may form via either the biradical mechanism
(Scheme 5-2b) or by cycloreversion of the secondary ozonide (Scheme 5-2g). Both of
these fragments are well-known decomposition products of lipid secondary ozonides
[341, 373].
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Scheme 5-2 Possible dissociation pathways of methyl oleate secondary ozonides. m/z values indicate the
expected mass for the corresponding sodium adduct. The top masses expected when R1 = C7H14CO2CH3
and R2 = C8H17 while masses in parentheses are expected when R1 = C8H17 and R2 = C7H14CO2CH3.
Masses shown in red indicate the observation of the m/z value in the CID spectrum shown in Figure
5-1(b). In cases where the product contains both R groups only the one possible m/z value is indicated.

The even mass of the m/z 180 product ion observed following CID of the
[M+O3+Na]+ ion in Figure 5-1(b) is consistent with a radical species formed by loss of
C10H19O3●. This is likely formed from the initial biradical intermediate following
activation of the secondary ozonide through a β-scission mechanism (Scheme 5-2c). An
analogous radical ion has previously been observed following CID of the secondary
ozonide formed from the monounsaturated phospholipid 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (PC 16:0/9Z-18:1) [341]. Similar β-scission reactions can
also account for: the neutral loss of octane to form m/z 253 (-114 Da) (Scheme 5-2d);
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loss of formic anhydride to form m/z 293 (-74 Da) (Scheme 5-2e); or loss of dihydrogen
to form m/z 365 (-2 Da) (Scheme 5-2f). Analysis of the isomeric methyl vaccenate
(FAME 11Z-18:1) secondary ozonide gave rise to an analogous suite of product ions
(m/z 208, 281, 237 and 253), supporting the assignment of these product ions
(Supporting Information Figure 5-7).
To confirm the assignment of the m/z 180 ion as a carbon-centered radical, the
nascent radical ion was isolated in the absence of collision energy in an MS3 experiment
and allowed to react with background oxygen inside the ion trap prior to product ion
ejection and mass analysis [392]. It has previously been demonstrated that carboncentered radicals readily react with molecular oxygen to form a peroxyl radical, which
can then undergo secondary decomposition processes that include ejection of a hydroxyl
radical to form an epoxide [393, 394]. Thus, observation of similar reactivity provides
confirmation for the presence of a carbon-centered radical moiety.
Figure 5-2(a) shows the resulting spectra following the ion-molecule reaction
between the isolated m/z 180 alkyl radical and molecular oxygen with reaction times of
500 ms, 3 s, 5 s and 7 s and reveals a range of product ions that increase in abundance
with increasing reaction time. The major product formed is the ion an m/z 195, which is
assigned to an epoxide formed from the nascent peroxyl radical (note that the position
of the epoxide along the carbon chain is not known and will likely vary with migration
of the initial radical). Additional fragment ions are observed at m/z 111, 125, 139 and
153 and are assigned as carbonyl species formed following further decomposition of the
peroxyl radical (or subsequent epoxide) that leads to a series of carbon-carbon bond
cleavages. The observation of several ions spaced 14 Da apart is indicative of species
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differing in mass by a methylene group and suggests that the radical can readily migrate
along the carbon chain. The CID spectrum acquired from the m/z 180 ion is shown in
Figure 5-2(b). Two sets of product ions are observed with 14 Da spacings and are
attributed to a series of dissociation processes that lead to either formation of a
shortened alkyl radical by loss of a neutral alkene (even m/z values), or alternatively,
ejection of a neutral alkyl radical to produce an even-electron alkene-based ion (odd m/z
values). The base peak at m/z 96 is assigned as a methyl acetate radical
i.e.,[C3H5O2+Na]+●. The observation of reactions with molecular oxygen and a series of
carbon-carbon bond cleavages upon CID is consistent with and provides strong
evidence for the assignment of the m/z 180 fragment as a carbon-centered radical cation.

Figure 5-2 (a) Reaction of the m/z 180 radical formed by CID of the [M+O3+Na]+ secondary ozonide ion
of methyl oleate with background oxygen inside the ion trap with reaction times of 500 ms, 3 s, 5 s and 7
s. (b) MS3 CID spectrum of the m/z 180 radical formed as described in (a).
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The m/z 208 ion observed in Figure 5-1(b) is also of even mass suggesting it too
is a radical fragment. This ion is tentatively assigned as an enoalte-type radical formed
via the biradical (Scheme 5-2g). Evidence for this structure is provided by the CID
spectrum of m/z 208 (Supporting Information Figure 5-8) which reveals losses of CO to
form an m/z 180 ion analogous to that described above, in addition to 43 Da (-C2H3O●),
to produce m/z 165. Note that this ion can also contribute to the observation of m/z 165
upon CID of the [M+O3+Na]+ ion (Figure 5-1b). A methyl acetate radical is also
observed at m/z 96 and likely arises due to radical driven dissociation of the remaining
carbon chain. Additionally, isolation of m/z 208 in the presence of oxygen reveals
similar reaction products observed for the m/z 180 radical in Figure 5-2(a), albeit at
lower relative abundance, providing further evidence for the assignment of m/z 208 as
carbon-centered radical (data not shown).
The m/z 321 ion is 46 Da lighter than the [M+O3+Na]+ ion and is assigned to the
loss of formic acid from the secondary ozonide. The loss of formic acid is believed to
occur following rearrangement of the biradical by a 1,4-alkyl shift (Figure 5-2a) [376].
This rearrangement product can then lose formic acid through cis-elimination [317].
The initial alkyl shift can occur in two possible directions (Scheme 5-3). To
characterize the structure of the m/z 321 ion and determine the direction in which the
alkyl shift occurs, the m/z 321 ion was mass-selected and allowed to react with ozone
gas leaked into the ion trap to facilitate ozone-induced dissociation [28]. Following a
one second reaction time, an abundant fragment at m/z 225 is observed corresponding to
a neutral loss of 96 Da from the [M+O3+Na-HCO2H]+ ion (Supporting Information
Figure 5-9). This indicates the nascent double bond formed upon elimination of formic
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acid is on the methyl-terminus side of the ozonide suggesting the dominant formation
pathway involves a shift of the alkyl chain attached to the methyl ester-terminus and
removal of a hydrogen atom from the methyl-terminus alkyl chain (Scheme 5-3a).
Interestingly, an ion at m/z 195 with a relative intensity ~2% of m/z 225 is observed
suggesting a small ion population proceeds via the alternative pathway (Scheme 5-3b).
This is further confirmed by CID of a deuterated d17-FAME 9Z-18:1 in which all
hydrogen atoms on the methyl-terminus side of the double bond are deuterated
(Supporting Information Figure 5-10). The CID spectrum of the corresponding
[M+O3+Na]+ ion at m/z 384 ion revealed a fragment at m/z 337 corresponding to the
loss of 47 Da, i.e., loss of CHDO2, and confirms removal of a hydrogen from the
methyl-terminus side of the initial ozonide. The mechanism proposed here is consistent
with that previously reported by Khachatryan et al. [376] for the gas-phase thermal
decomposition of 3,5-dimethyl-1,2,4-trioxolane. The preference for the formic acid loss
mechanism to favor one rearrangement direction over the other is likely due to an
interaction between the metal ion and the ester and ozonide moieties making one
direction energetically preferred. The above results confirm previous reports [341, 374376] that the decomposition of secondary ozonides produces a number of fragments that
can be formed by either radical driven dissociations initiated by oxygen-oxygen
homolysis to form a biradical, or alternatively, cycloreversion of the secondary ozonide
(Scheme 5-2).
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Scheme 5-3 Mechanism for formic acid loss upon CID of methyl oleate secondary ozonide. Mechanism
was confirmed by ozone-induced dissociation (OzID) of the corresponding [M+O3+Na-HCO2H]+ product
ion at m/z 321.

5.5.2

Decomposition of Phospholipid Ozonides
Phospholipids form the major components of cellular membranes in most

organisms and are thus a likely component of organic aerosols (see Introduction Section
5.3). Ozonolysis of a thin film of the common phospholipid PC 16:0/9Z-18:1 was
conducted and the reaction products extracted from the surface and analyzed by ESIMS. The corresponding mass spectrum is shown in Figure 5-3(a).
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Figure 5-3 (a) ESI-MS spectrum acquired following ozonolysis of a thin film of PC (16:0/9Z-18:1) and
extraction of reaction products. (b) CID spectrum of the [PC (16:0/9Z-18:1)+O3+Na]+ secondary ozonide
ion formed following surface ozonolysis of PC (16:0/9Z-18:1). (c) CID spectrum of [PC (16:0/9Z18:1)+Na+O3]+ formed following the gas-phase reaction of ionized [PC (16:0/9Z-18:1)+Na]+ with ozone.

The base peak at m/z 830 is assigned as the [M+O3+Na]+ ion, i.e., the secondary
ozonide. A low abundance ion at m/z 782 is observed and corresponds to the [M+Na]+
ions formed from the unreacted phospholipid. The ions at m/z 672 and 688 are assigned
as the aldehyde and carboxylic acid ions (or an isomer thereof), respectively, and are
analogous to those observed for FAME 9Z-18:1 (Figure 5-1a). The m/z 704 ion is
assigned as a hemiacetal formed by addition of methanol in the ESI solvent to the
aldehyde ion. Evidence for this structure is provided by CID which reveals an abundant
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loss of methanol (-32 Da) to form the parent aldehyde (data not shown) and is consistent
with previous observations [206].
Figure 5-3(b) shows the CID spectrum acquired from the [M+O3+Na]+ ion at
m/z 830. The m/z 771 ion arises from loss of N(CH3)3 from the phosphocholine
headgroup (-59 Da); a characteristic fragment arising from activation of sodiated PC
lipids [25, 352]. The m/z 769 ion is assigned to the loss of H2 from the nascent
[M+O3+Na-N(CH3)3]+ ion to form an anhydride analogous to that observed for FAME
9Z-18:1 (cf. Scheme 5-2f). The product ions at m/z 672 and 688 are assigned as the
aldehyde and Criegee ion [28, 206, 341], while the m/z 613 and 629 ions arise from
further loss of N(CH3)3 from these species. Formic acid loss is also observed from the
PC (16:0/9Z-18:1) ozonide resulting in a product ion at m/z 784. Further interrogation of
the structure of this ion by OzID revealed an abundant loss of 96 Da (Supporting
Information Figure 5-11), thereby confirming formic acid loss occurs via a mechanism
identical to that described for the ozonide of FAME 9Z-18:1 (Scheme 5-3).
Carbon-centered radicals were also observed from CID of the PC (16:0/9Z-18:1)
secondary ozonide. The m/z 643 ion in Figure 5-3(b) is assigned as an alkyl radical
formed via an identical process to the m/z 180 ion produced from the FAME ozonide
(cf. Scheme 5-2d). Harrison and Murphy have also observed the equivalent radical
following CID of the [M+O3+H]+ ion derived from ozonolysis of the same
phosphatidylcholine [341]. To confirm the assignment of m/z 643 as a carbon-centered
radical, the ion was isolated and allowed to react with background oxygen within the
ion trap (Figure 5-4a). Ions at m/z 675 (+32 Da) and 658 (+15 Da) are observed to
increase in abundance with increasing reaction times, and are thus assigned as a peroxyl
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radical and an epoxide. The observation of the peroxyl radical for phosphatidylcholine,
but not for the FAME (Figure 5-2b), is consistent with the larger size of the
phospholipid allowing more efficient energy redistribution upon the exothermic
addition of dioxygen. This reactivity of the m/z 643 ion towards molecular oxygen is
consistent with the assignment of this species as a carbon-centered radical. Interestingly,
the most abundant fragment ion formed upon the reaction of m/z 643 with O2 in Figure
5-4(a) appears at m/z 585. This corresponds to a loss of 58 Da suggesting ejection of
N(CH3)2(CH2)● following hydrogen atom abstraction and radical migration to the
phosphocholine headgroup. Analogous headgroup decompositions also occurred for
dioxygen reactions with ozonide derived radicals from phosphatidylglycerol (PG) (-73
Da), phosphatidylserine (PS) (-86 Da) and phosphatidylethanolamine (PE) (-42 Da)
(Supporting Information Figure 5-12). The observation of radical reactivity arising
remote from the initial ozonide site is indicative of radical migration towards more
stabilized positions (i.e., from a primary alkyl radical).
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Figure 5-4 (a) Reaction of the m/z 643 radical produced by CID of the [M+O3+Na]+ secondary ozonide
ion of PC (16:0/9Z-18:1) with background dioxygen inside the ion trap with reaction times of 500 ms, 3 s,
5 s and 7 s. (b) CID spectrum of the m/z 643 radical formed as described in (a).  = Fragments arising
from carbon-carbon β-scission along the alkyl chains.

Figure 5-4(b) shows the CID spectrum obtained from the m/z 643 radical and
provides further evidence for radical migration (refer to Scheme 5-4). The base peak at
m/z 585 corresponds to a neutral loss of 58 Da and again is assigned as the loss of
N(CH3)2CH2●. Analogous losses are also observed following CID of the corresponding
radicals formed from PG (Figure 5-6a) PS, and PE secondary ozonides (data not
shown). The product ion at m/z 388 in Figure 5-4(b) corresponds to a loss of 255 Da
and is consistent with a neutral radical loss of the constituents of the palmitic acid (16:0)
moiety. This observation is evidence for radical migration to the glycerol backbone
followed by ejection of CO2 and C15H31● (Scheme 5-4). Further evidence supporting
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this pathway is provided by an identical analysis of 1-stearoyl-2-oleoyl-sn-glycero-3phosphocholine secondary ozonide, i.e., [PC (18:0/9Z-18:1)+O3+Na]+. Upon CID of the
equivalent m/z 671 radical a neutral loss of 283 Da is observed, consistent with the loss
of stearic acid (18:0) as CO2 and C17H35● (Supporting Information Figure 5-13).
Alternatively, radical migration to the adjacent glycerol carbon leads to the loss of the
truncated fatty acid chain by ejection of CO2 and C7H15● and can account for formation
the m/z 500 ion in Figure 5-4(b) and m/z 528 in Figure 5-13(b) (Scheme 5-4). An
additional series of low abundance ions spaced 14 Da apart are also observed (indicated
with a square symbol in Figure 5-4b). These are indicative of a sequence of βcleavages along the alkyl chains. Interestingly, the observation of this homologous
series of product ions extending below m/z 500 points to cleavages along the 16:0 fatty
acid chain. This provides evidence for radical migration to the adjacent, unoxidized
fatty acid.
The radical fragment at m/z 559 is formed via radical migration and carboncarbon bond cleavage to produce an acetate-like radical analogous to the m/z 96 ion
formed from FAME 9Z-18:1 (Figure 5-2b). Further evidence for this assignment is the
observation of a similar reactivity towards molecular oxygen as that observed for m/z
643 (data not shown) and its prior observation as a CID product of the corresponding
[M+O3+H]+ ion [341]. This radical cation can then undergo decomposition via radical
migration as described for the m/z 643 radical to produce the fragment ions at m/z 304,
500 and 501 (Supporting Information Figure 5-14).
The results described above demonstrate how the decomposition of positively
charged FAME and phospholipid secondary ozonides results in the formation of a
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number of carbon-centered radicals. Furthermore, many even-electron product ions can
be rationalized by decomposition initiated by biradical formation. As the complexity of
the lipid increases (e.g., phospholipids), so too does the number of possible dissociation
channels, with product ions suggestive of intramolecular radical migration and
subsequent decomposition also observed. The same dissociation behavior is observed
for a variety of ionized monounsaturated phospholipids classes (PC, PS, PG and PE),
suggesting that in the case of positively charged lipids, the fragmentation is largely
independent of the headgroup structure.

Scheme 5-4 (a) Biradical driven decomposition pathways of the [PC (16:0/9Z-18:1)+O3+Na]+ secondary
ozonide upon CID. (b) Indicates the further decomposition pathways of the m/z 559 product ion.
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5.5.3

Photodissociation of Ozonides
To investigate the photodissociation (PD) of lipid ozonides, surface-synthesized

ozonides were extracted and electrosprayed for mass-selection and isolated inside the
ion trap mass spectrometer before being subjected to UV-irradiation from a Nd:YAG
pumped OPO. Figure 5-5 shows the UV-PD spectra acquired from the [M+O3+Na]+
secondary ozonide ion of PC (16:0/9Z-18:1) at both 260 and 300 nm. To control for
dissociation of the ozonide during mass-selection of the precursor a nested isolation
protocol was employed (see Methods, Section 5.4.6). The spectra clearly indicate that
photoactivation at these wavelengths leads to the decomposition of the secondary
ozonide. Many of the product ions observed in the PD spectrum are identical to those
observed in the corresponding CID spectrum (Figure 5-3b). Note that isolation of the
ozonide in the absence of the laser pulse does not produce any decomposition products
(data not shown).

Figure 5-5 Photodissociation spectra acquired from the [M+O3+Na]+ secondary ozonide ion of PC
(16:0/9Z-18:1) at (a) 260 nm and (b) 300 nm.
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The most abundant ions can be assigned as an aldehyde (m/z 672), a Criegee ion
(m/z 688) and an alkyl radical (m/z 643). Additional ions observed at lower abundance
include m/z 784, 756 and 716, and are assigned to losses of formic acid, formic
anhydride and octane, respectively [377, 384]. These product channels are attributed to
decompositions via the biradical intermediate (cf. Scheme 5-2). Furthermore, lower
mass ions at m/z 585 and 559 are detected and attributed to further decomposition of the
alkyl radical following radical migration (Scheme 5-4) (note that m/z 756 and 716 are
also observed in the corresponding CID spectrum but at low abundance). Interestingly,
at 260 nm the relative abundance of odd-electron products relative to the combined
abundance of the even-electron aldehyde and Criegee ions has increased relative to the
CID spectrum. One possible explanation is a greater selectivity for oxygen-oxygen
scission (and thus subsequent dissociation from the biradical) arising from
photoactivation compared to CID. Further evidence for this is the absence of any
product ions in the PD spectrum not associated with ozonide decomposition (e.g., loss
of N(CH3)3)
The observation of identical decomposition products from both activation
methods - albeit with lower overall yields in PD - suggests that the photodissociation of
lipid secondary ozonides on organic aerosol particles could lead to formation of lower
mass components, including carbon-centered radicals. In particular, the observation of
free radicals from photoactivation at 300 nm, which falls within the actinic window,
suggests that these radicals may propagate further radical chemistry in the troposphere.
It is important to note that several studies have previously investigated the UV
photolysis of surface-bound terminal alkenes and phospholipids treated with ozone
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using tropospherically relevant wavelengths (λ > 295 nm) [371, 386, 395]. These
studies observed many products analogous to those observed here, however, radical
products themselves were not detected. To the best of our knowledge this is the first
direct observation of carbon-centered radicals from secondary ozonide photolysis.

5.5.4

Comparison of Surface and Gas-Phase Formed Ozonides
The ability to observe gas-phase ozonolysis of ionized lipids within an ion trap

provides a unique opportunity to directly compare surface-formed secondary ozonides
with their gas-phase analogues. It is generally accepted that secondary ozonides are not
formed to a significant extent in the gas-phase due to the lack of stabilization processes
for the initial vibrationally excited carbonyl oxide. This ultimately results in
unimolecular decomposition and/or rearrangement before any recombination with the
partnering carbonyl compound can occur [327]. Additionally, in the gas-phase the high
exothermicity of the initial ozone addition to the alkene cannot be efficiently dispersed,
making secondary ozonide formation even more unlikely. Despite this, under certain
conditions several studies have detected secondary ozonides from the ozonolysis of
small alkenes in the gas-phase [396-398]. However, the gas-phase secondary ozonide
formation for larger lipid molecules has not been investigated.
The CID spectrum acquired from the [M+Na+O3]+ ion formed following gasphase ozonolysis of the unsaturated PC (16:0/9Z-18:1) is shown in Figure 5-3(c).
Although the signal-to-noise of this spectrum is low, there is remarkable similarity with
the CID spectrum of the [M+O3+Na]+ secondary ozonide ion formed following surface
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ozonolysis (assigned earlier in Figure 5-3b). This strong similarity provides evidence
for formation of a population of stable secondary ozonides from the gas-phase
ozonolysis. This similarity has also been observed in an analogous analysis of the
sodiated triacylglyceride (TAG), TAG (18:0/16:0/9Z-18:1) (data not shown). In
contrast, Figure 5-6(a) shows the CID spectra acquired from the [M+O3+2Na-H]+ of
the phosphatidylglycerol PG (16:0/9Z-18:1) following surface ozonolysis and the
corresponding [M+2Na-H+O3]+ ion formed by gas-phase ozonolysis (Figure 5-6b). CID
of the surface-formed ozonide reveals many equivalent product ions to those observed
for the analogous phosphatidylcholine, (cf. Figure 5-3b and Scheme 5-4). For example,
the ions at m/z 581 and 487 arise from the different headgroup structure of PG and
correspond to the headgroup loss of C3H5O2● (-73 Da) from the corresponding carboncentered radicals at m/z 654 and 570, respectively. Thus, as expected, the fragmentation
behavior is consistent with a secondary ozonide. By contrast, CID of the [M+2NaH+O3]+ ion formed in the gas-phase ion-molecule reaction (Figure 5-6b) is
significantly different to the isomeric species formed in the surface reaction. Although
this ion has the expected mass of the secondary ozonide, given the differences in the
decomposition behavior compared to the surface-formed product, it is likely that this
ion does not correspond to a secondary ozonide, but is rather an isomeric species.
Similar analyses of the corresponding PS and PE lipids also reveal extensive differences
between the surface and gas-phase products (data not shown). One explanation for these
observations is that phospholipids containing nucleophilic headgroups (i.e., PG, PS and
PE) may be capable of interacting with the initial primary ozonide to produce isomeric
rearrangement products and thereby inhibit secondary ozonide formation. By
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comparison, lipids without a nucleophilic headgroup (i.e., PC and TAGs) are capable of
forming stable secondary ozonides in the gas-phase. Nonetheless, the results presented
here provide the first demonstration for the formation of stable phospholipid secondary
ozonides from gas-phase ozonolysis.

Figure 5-6 (a) CID spectrum of the [PG (16:0/9Z-18:1)+O3+2Na-H]+ secondary ozonide ion formed
following surface ozonolysis of PG (16:0/9Z-18:1). (b) CID spectrum of the [PG (16:0/9Z-18:1)+2NaH+O3]+ ion formed by gas-phase ozonolysis of ionized [PG (16:0/9Z-18:1)+2Na-H]+.

5.6

Conclusions
Ozone is one of the most important oxidizing species in the atmosphere and in

the presence of aerosol-bound lipids, reactions of tropospheric ozone with will likely
lead to formation of long-lived secondary ozonides [371, 399, 400]. Herein we have
provided the first detailed investigation into the decomposition pathways of isolated
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lipid secondary ozonides. This was achieved by synthesizing secondary ozonides
followed by mass selection and CID in an ion trap mass spectrometer. CID of positive
intact secondary ozonide ions revealed a variety of products including the well
characterized aldehyde and Criegee-type fragments, in addition to the observation of
carbon-centered radical decomposition products. The latter pathways in particular are
attributable to oxygen-oxygen homolysis and subsequent biradical decomposition.
Importantly, many observed products are consistent with a prior body of work for both
simple alkenes and lipids [341, 373-378, 384, 385]. The observation of carbon-centered
radical decomposition products was confirmed by ion-molecule reactions with
adventitious background ozone inside the ion trap and CID. Decomposition of more
complex lipid secondary ozonides, such as phospholipids, were found to undergo
identical initial decompositions, although the more complex structure lead to secondary
decomposition processes involving radical migration and eventually radical losses of
the headgroup and fatty acid chains.
Phospholipid secondary ozonides were also found to undergo photolysis with
actinic photons (300 nm) consistent with previous investigations for both lipids and
smaller alkenes [371, 376, 384, 386, 395]. Photodissociation appears more selective for
oxygen-oxygen homolysis of the secondary ozone and produces many of the same
fragments to those observed by CID, including carbon-centered radicals. Based on these
data it seems possible that photolysis of aerosol-bound lipids molecules in the
troposphere can be a source of carbon-based radicals in the atmosphere. We note that
however, the yields of photoproducts are low (note the 12,000 x magnification required
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in Figure 5-6) and thus future experiments are required to determine the true efficiency
and thus the potential significance of such processes in the atmosphere.
Finally, by comparing the fragmentation behavior of surface-formed secondary
ozonides with the corresponding ozone adducts formed in the gas-phase, we have
provided the first evidence for gas-phase lipid secondary ozonide formation, at least in
the case of lipids lacking nucleophilic headgroups (i.e., PC ). Nucleophilic lipids such as
PG, PS and PE appear to form rearrangement products following interaction of the
headgroup with the initial primary ozonide. Although further structure elucidation of
these rearrangement products was beyond the scope of this study, future work to
investigate the structure of these products could provide new insights into the
mechanisms of gas-phase ozonolysis.
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5.8

Supporting Information

Figure 5-7 CID spectrum of the [M+O3+Na]+ secondary ozonide ion produced following surface
ozonolysis of methyl vaccinate (FAME 11Z-18:1).

Figure 5-8 MS3 CID spectrum of the m/z 208 radical produced by CID of the [M+O3+Na]+ secondary
ozonide ion of methyl oleate (FAME 9Z-18:1).

Figure 5-9 CID/OzID spectrum acquired by OzID of the m/z 321 product ion produced following CID of
the [M+O3+Na]+ secondary ozonide ion of methyl oleate (FAME (9Z-18:1).
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Figure 5-10 CID spectrum of the [M+O3+Na]+ secondary ozonide ion produced following surface
ozonolysis of D17-methyl oleate (D17-FAME 9Z-18:1).

Figure 5-11 CID/OzID spectrum acquired by OzID of the m/z 784 product ion produced following CID
of the [M+O3+Na]+ secondary ozonide ion of PC (16:0/9Z-18:1).
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Figure 5-12 Spectra acquired following a 7 s reaction of background dioxygen inside the ion trap with the
radical product ions (a) [(PS (16:0/9Z-18:1)+O3+2Na-H-C10H19O3●]+●, (b) [(PE (16:0/9Z-18:1)+O3+NaC10H19O3●]+●, and (c) [(PG (16:0/9Z-18:1)+O3+2Na-H-C10H19O3●]+● formed following CID of the
corresponding secondary ozonides. All lipids undergo radical loss of the polar headgroup following
reaction with dioxygen and radical migration.

Figure 5-13 CID spectrum of the m/z 671 radical cation produced by CID of the [M+O3+Na]+ secondary
ozonide ion produced following surface ozonolysis of PC (18:0/9Z-18:1).  =fragments arising from
carbon-carbon β-cleavages along the alkyl chains.
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Figure 5-14 CID spectrum of the m/z 559 radical cation by CID of the [M+O3+Na]+ secondary ozonide
ion produced following surface ozonolysis of PC (16:0/9Z-18:1)  = fragments arising from carboncarbon β-cleavages along the alkyl chains. Note that it is also possible that some m/z 500 ion arises from
activation of the small amount of m/z 558 isolated upon mass-selection of m/z 559.
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Direct Lipid Profiling of

Single Cells by LESA-MS
This chapter has been adapted from the article published in Analytical Chemistry
2012, 84, 9679-9683.
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6.2

Abstract
The on-demand printing of living cells using inkjet technologies has recently

been demonstrated and allows for the controlled deposition of cells in microarrays. Here
we show that such arrays can be interrogated directly by robot-controlled liquid
microextraction coupled with chip-based nano-electospray mass spectrometry. Such
automated analyses generate a profile of abundant membrane lipids that are
characteristic of cell type. Significantly, the spatial control in both deposition and
extraction steps, combined with the sensitivity of the mass spectrometric detection,
allows for robust molecular profiling of individual cells.
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6.3

Introduction
Variable expression of cellular components ranging from genes to metabolites is

a well known phenomenon leading to heterogeneity in cell populations [401-404].
Traditionally, cellular analysis is performed on a pool of cells, however this can
eliminate information regarding cell-cell variability as the resulting data is an average
across all cells. Thus, it is important to have methods available that permit analysis of
individual cells one at a time to determine their functionality and their identity. Analysis
of these single cells can enhance the detection and diagnosis of cell-based diseases, and
provide an insight into many important physiological processes that occur in individual
cell populations [405]. Recent reviews of single cell analysis have revealed that many
current techniques either require an external label targeting a specific molecule (e.g.,
fluorescence) or lack molecular specificity (e.g., Raman spectroscopy) [405-407]. By
providing the simultaneous analysis of individual cellular components without the need
for external labels and with excellent molecular sensitivity and specificity, mass
spectrometry (MS) is an alternative method well suited for single cell analysis [408].
Lipids are ideal targets for the direct analysis of single cells due to their high
concentration near the cell surface (i.e., the cell membrane). They are also important
physiologically, performing vital roles in cell functions including growth and
differentiation [409], apoptosis [410, 411] and phagocytosis[412] among numerous
others. Lipid profiles can also provide a unique fingerprint for organisms such as
bacteria and allow species and even sub-species identification [211]. Moreover, changes
in lipid composition are a characteristic of several disease states [3, 213], suggesting
that lipid profiles could potentially be used as an identifier of diseased cells.
188

Chapter 6: Direct Lipid Profiling of Single Cells by LESA-MS

Bio-printing is an emerging technology for the controlled deposition of living
cells, which has been demonstrated using a wide range of techniques including inkjet
printing [413-415]. This drop-on-demand technique is attractive for the purpose of
single cell analysis as it allows for the precise placement of individual cells and cellbased microarrays with excellent repeatability and without the need for contact with the
substrate [416]. Moreover, it has been suggested that bio-printing has great potential for
the development of 3D cell-based drug-screening assays [417].
Herein, we describe the use of liquid extraction surface analysis (LESA), a new
robotic-based liquid microjunction extraction technique directly coupled with chipbased nano-electrospray ionization [249], in combination with recently described bioprinting technology [418] for the preparation and lipid analysis of single cell arrays.

6.4

Experimental Methods
Three different murine cell lines were obtained from the American Type Culture

Collection (ATCC): C2C12 (skeletal muscle, mouse, ATCC CRL-1772); PC12 (adrenal
pheochromocytoma, rat, ATCC CRL-1721); and L929 (fibroblast, mouse, ATCC CCL1). Cells were suspended at 6x106 cells/mL in a bio-ink formulation containing a 0.05%
w/v gellan gum (CP Kelco) microgel suspension in serum-free DMEM, supplemented
with two biocompatible non-ionic polymeric surfactants: Poloxamer 188 (Lutrol F68,
Sigma) at 0.1% v/v; and a fluorosurfactant (Novec FC4430, 3M) at 0.05% w/v. Cell
suspensions were then loaded into Xaar-126 piezoelectric inkjet print heads housed in a
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custom printing apparatus. Details on cell printing using this bio-printer and the bio-ink
formulation are reported elsewhere [418].
Cells were printed onto standard glass slides that had been marked (on the
reverse side to cell deposition) with a 4x11 array of circular regions ~3 mm in diameter.
Cell patterns consisting of either a single droplet, or squares containing 9 (3x3 square)
or 100 (10x10 square) droplets, were printed within these marked regions and
subsequently dried under N2. The number of cells in each individual droplet followed
the expected Poisson distribution, i.e., the average number of cells per drop is 1, and on
average 37% of the droplets will contain a single cell [418]. Arrays were imaged using a
Zeiss Axiovert 40 CFL inverted light microscope, and the number of cells in each
printed pattern was counted using ImageJ software.
LESA-MS analysis was performed using a TriVersa NanoMate® (Advion
Biosciences, Inc, NY, USA)) coupled to a QTRAP® 5500 triple quadrupole mass
spectrometer (AB Sciex, Concord, ON, Canada). To minimize sample oxidation the
cooling fan was turned off and the source housing covered to eliminate airflow over the
cells [206]. The extraction solvent was 4:2:1 IPA:MeOH:CHCl3 (v/v/v) with 20 mM
NH4OAc. All solvents used for mass spectrometric analysis were LC/MS grade. For
analysis of microarray spots containing greater than 10 cells, 2 µL of solvent was
aspirated from the reservoir followed by dispensing 1.5 µL onto the area of interest.
Solvent was held on the surface for 7 s to facilitate extraction before 2 µL was aspirated
back into the pipette for analysis. Analysis of microarray spots containing 1-5 cells was
performed as described above but with a total solvent volume of 1.5 µL and dispense
and aspiration volumes of 1.2 and 1.8 µL, respectively. A spray voltage of 1.3 kV was
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applied to the pipette tip and backing gas pressure was 0.6 psi. Phosphatidylcholine
(PC) and sphingomyelin (SM) lipids were detected using a precursor ion scan (PIS) of
m/z 184.1 at collision energy of 40 eV. Cholesterol esters were detected using a PIS of
m/z 369.4 with collision a energy of 25 eV. Ceramides were detected using a PIS of m/z
264.3 at a collision energy of 35 eV. All spectra were acquired using a scan rate of 200
Da.s-1 and 100 or 200 scans (acquired in MCA mode) were summed for the analysis of
either 10-200 cells or 1-5 cells, respectively. This resulted in acquisition times of 4.15
min and 8.30 min for scans between from m/z 400-900 for 10-200 and 1-5 cells,
respectively.

6.5

Results and Discussion

6.5.1

Lipid Analysis of Printed Cells
Cell microarrays were prepared by deposition onto glass substrates through

inkjet bio-printing using commercially available piezoelectric print heads (Figure 6-1a).
The number of cells deposited at each array point (a single cell or up to 100 cells) was
controlled by changing the number of printed droplets (Figure 6-1b). Analysis of these
printed cells was then performed using LESA-MS by lipid extraction into a liquid
microjunction formed between the surface of the sampling area and the tip (Figure
6-1c), and subsequent chip-based nano-electrospray ionization.

191

Chapter 6: Direct Lipid Profiling of Single Cells by LESA-MS

Figure 6-1 Bio-printing, LESA and optical images of single printed cells. (a) Schematic of the inkjet
printing of cells into microarray spots, including a typical optical image of a single printed cell in one of
the circular array spots. (b) Schematic representation of the microarrays spots for LESA analysis. (c) A
conductive LESA pipette tip dispenses extraction solvent onto a microarray spot (indicated by arrow)
containing printed cells. Following extraction the solvent is aspirated and analyzed by chip-based nanoelectrospray ionization. The numbers “50-100” and “1” represent spots containing 50-100 cells and one
cell, respectively. (d-e) Typical optical images of a single inkjet printed L929 cell on a glass slide (d)
before and (e) after LESA analysis. Scale bars represent 200 µm.

An important attribute of this approach is the ability to analyze cells in the open
environment. However, when analyzing printed cells that had been exposed to ambient
laboratory conditions for up to several hours prior to analysis, oxidation of unsaturated
cellular lipids was observed and was found to increase with exposure time. This
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phenomenon was attributed to ambient ozonolysis as previously observed for lipids on
surfaces [206], and resulted in the formation of lower mass (aldehdyes and carboxylic
acids) and higher mass (secondary ozonides) ions (Supporting Information Figure 6-4)
While ambient ozonolysis has proven analytical capability, it was important to reduce
the extent of oxidation such that lipid profiles could be used for cell type identification.
This was achieved primarily by eliminating airflow over the printed cells (see Methods,
Section 6.4).
To demonstrate lipid profiling from printed cells, initial analyses were
conducted on microararys containing up to 100 cells per spot. Detection of various lipid
classes present in the cell membrane including PC, SM, cholesterol esters and
ceramides was achieved by employing class-specific precursor ion scans (PIS) on a
triple quadrupole mass spectrometer [26]. Due to their high abundance in the cell
membrane and their ease of ionization, we focused on the detection of PC and SM
lipids. These were readily detected in positive ion mode as [M+H]+ ions by employing
an m/z 184.1 PIS. The corresponding spectra (Figure 6-2a-c) acquired from the three
cell types allowed for the identification of 23 PC and SM lipids as [M+H]+ ions
(Supporting Information Table 6-1). In addition, several lysoPC (LPC) lipids, namely
LPC (16:0) and LPC (18:1) with [M+H]+ at m/z 496 and 522, respectively, were also
observed (data not shown). Cholesterol esters and ceramides (containing the d18:1
sphingosine base) could also be detected from printed cell arrays (Supporting
Information Figure 6-5). For example, ions with nominal m/z values of 640, 642, 666
and 668 are assigned as [M+NH4]+ ions of cholesterol esters containing 16:1, 16:0, 18:2
and 18:1 fatty acids (Supporting Information Figure 6-5a). Protonated d18:1ceramides
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are observed at m/z values of 510, 538, 566, 592, 622, 648 and 650 and are assigned to
ceramides containing 14:0, 16:0, 18:0, 20:1, 22:0, 24:1 and 24:0 fatty amide chains,
respectively (Figure 6-5b).

Figure 6-2 Precursor ion scans on inkjet printed cells. (a-c) Typical m/z 184.1 precursor ion scans (PIS)
obtained from printed cell microarray spots (50-100 cells per spot) of (a) L929, (b) PC12, and (c) C2C12
cells. Spectra represent 100 summed PIS. (d-f) Typical m/z 184.1 PIS on printed cell microarray spots
(one cell per spot) of (d) L929, (e) PC12 and (f) C2C12 cells. Spectra represent 200 summed PIS. Values
in the top right of each spectrum correspond to the average intensity in counts per second (cps) per scan
of the base peak.

The capability to prepare microarrays containing single cells allowed us to
investigate the potential of LESA-MS for single cell analysis. Figure 6-2(d-f) show
representative spectra acquired from individual inkjet printed L929, PC12 and C2C12
cells. LESA-MS analysis on these single cells allowed the detection of the same PC and
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SM lipids with similar relative abundances as observed for the spectra acquired on
microarray spots with up to 100 cells, albeit with slightly lower signal-to-noise. Single
cell spectra were reproducible for all cell types investigated and highlight the excellent
sensitivity afforded by this approach. As expected, the precursor ion signal decreases
when single cells are analysed as indicated by the average ion counts provided in
Figure 6-2. To highlight the typical signal-to-noise ratio achieved from the analysis of
50-100 cells versus single cells, an enlarged m/z 680-758 region acquired from L929
samples is provided as Supporting Information (Figure 6-6). The effect of the
extraction process on printed single cells is shown in Figure 6-1(d) and (e). The images
suggest that the LESA process has extracted some of the bio-ink material from the
surface as well as some cell material (evident from the detection of lipids), with
remaining cell material still present on the surface after extraction.

6.5.2

Identification of Cells by Lipid Profiling
The lipid profiles from each of the three cell types was found to provide a

characteristic “fingerprint”, allowing identification of cell type using principal
component analysis (PCA, see Supporting Information Section 6.8.1) PCA is a
common method used to reduce the dimensionality of multidimensional data sets (such
as mass spectra containing many peaks) into several new variables while maintaining
much of the original sample information and variation [419, 420]. Hence, it is an ideal
method to decipher the unique correlations of the multiple peaks in the LESA-MS
spectra of different cell types. The results of this analysis on microarray spots
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containing up to 100 cells, or single cells are shown in Figure 6-3(a) and (b),
respectively. The spectral data acquired from printed cells are clearly grouped according
to cell type and separated from other cell types, indicating that the respective lipid
profiles are different and characteristic, thereby allowing identification based on the
“lipid fingerprint”. This identification was possible even with data obtained from
individual printed cells and overlays of representative mass spectra are provided as
Supporting Information (Figure 6-7) emphasizing the origin of similarities and
differences in these profiles. To demonstrate that the printing and analysis approach did
not alter the lipid composition in cell membranes, data points acquired by analysis of a
lipid extract derived from non-printed L929 cells using direct infusion nano-ESI
(Supporting Information Section 6.8.1) were introduced into the PCA data sets (shown
as triangles in Figure 6-3). These data were found to correlate well with the LESA data
of printed cells from microarray spots containing both single and multiple cells,
providing evidence that the printing process did not alter the lipid composition of the
cells. This is further supported by recent work demonstrating that printed cells retain >
95% viability after printing and proliferated at a rate comparable to non-printed controls
[418].
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Figure 6-3 Principal component analysis (PCA) score plots using PC/SM lipid profiles acquired from
five microarray spots for each cell type (L929, C2C12 or PC12 cells) containing (a) up to 100 printed
cells or (b) a single cell. Triangles indicate the data point obtained by direct infusion of lipid extract from
cultured L929 cells.

Analysis of PC and SM lipids from printed cells does not indicate marked
differences between cells of the same type (i.e. little heterogeneity is observed).
Possible reasons for this may be the preparation of cells under controlled culture
conditions and the fact that PC lipids perform primarily structural roles within the cell
membrane. Culture conditions are known to influence cellular lipid composition [421]
and given that PC12 cells were cultured with a different serum composition than L929
and C2C12 cells, it is important to consider that observed lipid differences may arise
from culture conditions rather than being solely determined by cell type. However,
given that L929 and C2C12 cells were cultured under identical conditions, the
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differences observed in lipid profiles of these cells can confidently be attributed to
inherent differences in membrane composition independent of the culture medium. With
future improvement in sensitivity it may be possible to detect less abundant lipids that
are typically involved in signaling pathways, which may be more likely to show a
heterogeneous distribution throughout single cells. Nonetheless, the capability to detect
intact bio-molecules from single cells makes this a promising approach for cell analysis.

6.6

Conclusions
We have demonstrated that the combination of LESA-MS and drop-on-demand

inkjet bio-printing is a viable approach for the chemical analysis of intact single cells. A
variety of lipid classes can be detected directly from printed cells, although currently
only PC and SM lipids can routinely be detected from single cells. Crucially, lipid
profiles were found to provide a characteristic “fingerprint” for each of the investigated
cell types, allowing each to be distinguished and identified.
Importantly, the “soft” ionization afforded by LESA-MS allows the detection of
intact phospholipids from single cells, representing an advantageous over more
energetic secondary ion mass spectrometry (SIMS) approaches that have traditionally
been used for single cell mass spectrometry. The energetic desorption process of SIMS
typically results in the detection of low mass fragments that are characteristic of
phospholipid class (i.e., headgroup structure) but do not provide information on
individual molecular lipids present in single cells [35]. Mass spectrometric analysis of
single cells has also been demonstrated using pulsed laser-desorption approaches (i.e.,
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matrix-assisted laser desorption and related techniques) that provide good spatial
resolution and can also give rise to intact ionized metabolites [404, 422]. A key
advantage of the LESA-MS approach described here however, is the generation of a
stable, prolonged electrospray of up to 15 minutes from a single-cell extract. This
persistent spray affords; (i) averaging of numerous individual spectra from a single
extraction, significantly improving sensitivity and reproducibility, and (ii) sufficient
time for multiplexed interrogation of ions (i.e., acquisition of multiple different
precursor and neutral loss scans), improving the confidence of molecular structure
assignments. The excellent spectral quality and reproducibility achieved in this study
also suggest shorter acquisition times could be achieved (by either increasing scan
speeds or narrowing the mass range) without significant compromise in the ability to
differentiate cells based on their lipid profile. In some applications decreasing
acquisition times would hold the advantage of increasing the throughput of the analysis.
Given the ability of inkjet bioprinting to deposit living cells [418], we envisage
that adaptation of this approach to printed living cell microarrays could help to elucidate
how individual cells are influenced by their microenvironment and the role of lipids and
other molecules in biological heterogeneity [423]. Finally, although the results
presented here have been acquired from model cell types, the methods employed could
be applied to any cell-based study. The combination of inkjet bio-printing and direct
analysis by LESA-MS also invites the development of high-throughput single cell
assays based on this approach.
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6.8

Supporting Information

6.8.1

Additional Experimental Methods
Lipid extraction was performed in a 2 mL vial with a Teflon lined cap (Thermo

Scientific, NSW, Australia). Methanol (240 µL) was added to the vial followed by 10
µL of an L929 cell suspension (~2.5x107 cells mL-1) then 800 µL tert-butyl methyl
ether and 200 µL of 150 mM aqueous ammonium acetate was added. The mixture was
vortexed for 30 seconds and then centrifuged at 2000g for 5 min. The top organic layer
(800 µL) containing the lipids was then collected, placed in a new vial and dried under
dry nitrogen at 37 °C. The dried lipid was then re-suspended in 200 µL 2:1
methanol:chloroform. For MS analysis, this was further diluted 1000-fold in 4:2:1
isopropanol:methanol:chloroform (v/v/v) containing 7.5 mM ammonium acetate.
Principal component analysis was performed using MarkerView software (AB
Sciex, Concord, ON, Canada). The scan data (acquired in MCA mode) from 5
microarray spots for each cell type was directly imported into MarkerView and the 50
most abundant peaks were chosen. Of these 50 peaks, several were below m/z 700 and
these were excluded to reduce the effect of sample oxidation on the statistical analysis.
Data was then centroided and normalized to total peak area. PCA analysis was then
performed using Pareto scaling without weighting.
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6.8.2

Additional Figures and Tables

Figure 6-4 Effect of ambient environment on precursor ion scans on inkjet printed cells. Precursor m/z
184.1 ion scans acquired from printed L929 cells after exposure to the ambient environment inside the
NanoMate housing for (a) less than 20 minutes and (b) 2-3 hours without minimizing airflow over
samples. Saturated lipids such as PC (32:0) at m/z 734 are unaffected and hence appear at higher relative
abundance following oxidation.
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Figure 6-5 (a) m/z 369.4 precursor ion scan for the detection of cholesterol esters and (b) m/z 264.4
precursor ion scan for the detection of sphinganine (d18:1) containing ceramides acquired from printed
cells arrays containing 50-100 PC12 cells

Figure 6-6 Enlarged m/z 680-758 region acquired from a m/z 184.1 precursor ion scan from (a) 50-100
L929 cells and (b) a single L929 cell. As expected the single cell spectrum reveals the lowest signal-tonoise.
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Figure 6-7 Super-imposed precursor ion scan (m/z 184) mass spectra normalised to the base-peak
obtained from representative single cells from the cell types L929, PC12 and C2C12. This representation
highlights the differences between mass spectra obtained from different cell types by direct overlay of (a)
L929 and PC12 cells; (b) L929 and PC12; (c) PC12 and C2C12. The green trace in each figure represents
a subtraction plot for each pair of normalised spectra and emphasizes the significant variation in the lipid
profiles that result in good separation, and thus differentiation, of individual cells upon PCA analysis (see
Figure 6-3).
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Table 6-1 Phosphatidylcholine (PC) and sphingomyelin (SM) lipids detected from inkjet printed cells
using liquid extraction surface analysis. Total fatty acid carbons and double bonds are given in brackets,
i.e., PC (32:1) corresponds to a phosphatidylcholine with 32 fatty acid carbons and one double bond. Orepresents an alkyl ether or alkenyl ether chain.
Nominal mass (m/z)
703
706
718
720
732
734
744
746
758
760
772
774
782
784
786
788
806
808
810
813
832
834
836

Assigned Lipid(s)
SM (34:1)
PC (30:0)
PC (O-32:1)/PC (31:1)
PC (O-32:0)/PC (31:0)
PC (32:1)
PC (32:0)
PC (O-34:2)/PC (33:2)
PC (O-34:1)/PC (33:1)
PC (34:2)
PC (34:1)
PC (O-36:2)/PC (35:2)
PC (O-36:1)/PC (35:1)
PC (36:4)
PC (36:3)
PC (36:2)
PC (36:1)
PC (38:6)
PC (38:5)
PC (38:4)
SM (42:2)
PC (40:7)
PC (40:6)
PC (40:5)
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In applying DESI-MS to the analysis of human lens tissue and extracts, new
insights into the lipid distribution and composition of the lens have been revealed.
Direct analysis of lens tissue allowed the detection of nine different lipids classes,
including the first detection of 1-O-alkyl phosphatidylethanolamines (PE), 1-O-alkyl
phosphatidylserines (PS) and lactosylceramides (LacCer) from any tissue. Distinct
distributions within a 41-year old lens were observed for many of these lipid classes. In
agreement with a previous MALDI study [40], sphingomyelins were found
predominantly in the outer and barrier regions of the lens while ceramides were
localized in the core region (nucleus). The ability of DESI to detect 1-O-alkyl PE and
PS lipids also allowed the spatial distribution of these lipids to be investigated for the
first time. These were found to be localized in the metabolically active outer-most
region of the lens while their lyso analogues were distributed slightly closer to the lens
centre. This complementary distribution suggests esterified fatty acids undergo
hydrolysis as lens fiber cells mature. Preliminary data presented here (see Figure 3-6)
also suggests the distribution of 1-O-alkyl PE and PS lipids is altered with age, with an
apparent “thinning” of the distribution band of these lipids being observed with ageing.
This may arise from a decrease in the amount of these lipids present [41] and/or
increased compaction of fiber cells in the outer region of the lens with age. Given
previous studies have revealed significant changes in ceramide distribution with age
[40], future work should provide a more comprehensive investigation into age-related
changes in the distribution of 1-O-alkly PE and PS lipids in addition to their their lyso
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analogues. Observation of such changes may provide further insight into the role of
lipids in the formation of a barrier to diffusion that is thought to be involved in cataract
formation [40]. Additionally, given the dramatic increase in ceramide in the lens core
with age [40, 41], future work should also focus on increasing the sensitivity of DESIMS towards other ceramide-based lipids present in the lens, such as LacCers,
galactosylceramides and gangliosides, to investigate if these also exhibit similar agerelated changes in composition and distribution. Indeed, an earlier study has observed
an accumulation of gangliosides in the lens lipidome with age using TLC anionexchange chromatography [424]. Such an investigation could provide insight into the as
yet unknown source of the increased ceramide levels with age.
The coupling of DESI-MS with TLC and ambient ozonolysis has also revealed
the presence of n-9, n-7 and n-5 double bond isomers for LacCer (d18:0/24:1) in the
human lens lipidome. In addition, this simple approach also revealed the presence of n-9
and n-7 isomers for unsaturated phosphatidylcholine lipids along with n-9, n-7 and n-5
isomers for SM (d18:0/24:1). Given that SM (d18:0/24:1) and LacCer (d18:0/24:1)
share an identical ceramide core, it is likely that the presence of these double bond
isomers is an inherent property of all unsaturated ceramide-based lipids in the human
lens. Future work should employ this approach for the analysis of additional
sphingolipids in the human lens to confirm the presence of these three double bond
isomers for all unsaturated ceramide containing lipids, such as gangliosides, for which
detailed structure elucidation has yet to be achieved. The observation of n-5 double
bonds is intriguing given that they have not been previously reported in mammals and
their synthetic origin remains a mystery. Thus further investigation into the role of these
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unique lipids in the cell membrane is warranted. Additionally, the observation of
ambient ozonolysis highlights the need for caution when preparing and analyzing
samples in the ambient environment and provides a likely explanation to the origin of
previous observations of lipid oxidation on TLC plates [102, 104, 136, 425].
Given the presence of aerosol particle-bound lipids in the atmosphere, the
decomposition pathways of lipid ozonides was also investigated and characterized using
collision-induced dissociation, ozone-induced dissociation and ion-molecule reactions
with molecular oxygen. This provided the first detailed account of lipid secondary
ozonide decomposition and revealed numerous decomposition pathways and products
initiated by biradical formation, including the observation of several carbon-centered
radial fragments. Photoactivation of secondary ozonides with photons in the actinic
window (300 nm) also lead to the formation of radical products, thereby providing
evidence that activation of surface-bound lipids ozonides could play a role in
atmospheric radical chemistry. Although, given the low photo-ion yields, further studies
are warranted to investigate the true efficiency of such processes.
Although this thesis has focused on analysis of the human lens lipidome with
DESI-MS, the approaches described are applicable to any other tissue or lipid extract.
For example, given the ability of DESI-MS to detect a wide variety of lipid classes from
the tissue surface, DESI-MS-imaging is well suited to study lipid distributions in many
other tissues, as well as on additional surfaces such as TLC plates [51]. MS analysis of
TLC plates is advantageous due to the greater sensitivity and molecular information
acquired compared to conventional staining techniques. Furthermore, the combination
of DESI, TLC and ambient ozonolysis can be employed as a simple approach to
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investigate the presence of double bond isomers in any lipid extract that cannot be
distinguished with conventional mass spectrometric methods employed in lipidomics.
This can be further improved by coupling with 2-dimensional TLC which allows more
efficient separation of lipids. For example, the second dimension could be used to
separate oxidized lipids from their unoxidized lipids precursors following ambient
ozonolysis.

Implementation

of TLC/DESI and

ambient

ozonolysis

for the

characterization of double bond isomers from different sources can help provide
understanding as to the biological significance of different double bond isomers and the
reason(s) for their presence in nature. One area in which this can find application is the
study of lipid-protein interactions, which are often specific for only one isomer [8].
Thus robust methods allowing for assignment of double bond positions from complex
extracts are needed. To date the approach described in this thesis is one of only a few
methods currently available to achieve this, and is the simplest of all these approaches.
The use of LESA for the surface analysis of lipids from intact cells has also been
demonstrated. Although the spatial resolution of LESA is lower than that achieved
using DESI, LESA affords greater control over the extraction process (i.e., extraction
time). Furthermore, LESA provides a long, stable signal from each sampling region
(>15 minutes) allowing enhanced sensitivity in addition to greater lipid coverage and
structural information by acquisitions of multiple MS/MS scans (including precursor
ion and neutral loss scans). This was exploited in Chapter 6 to facilitate molecular
analysis of single cells deposited onto a glass substrate by inkjet bio-printing.
Phosphatidylcholine and sphingomyelin lipids were readily detected from printed cell
microarrays consisting of C2C12, PC12 or L929 cells, with the corresponding lipid
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profiles being characteristic and allowing for identification of cell type. Chemical
analysis of single cells is at the forefront of analytical chemistry as it can provide insight
into the molecular workings of individual cells and biological heterogeneity. To
highlight the recognized importance of single cell analysis, the National Institute of
Health (USA) is currently funding a program solely devoted to single cell analysis,
including the development of new applications for the analysis of single cells [426]. The
technique described in this thesis is the first ambient ionization to be used for the
molecular analysis of single cells with diameters less than 50 µm (i.e., typical
mammalian cells). Although demonstrated for model cell lines, the ability to deposit
live cells [418] opens up the possibility of analyzing living cells in response to external
stimuli or even at different stages of the cell cycle, such as before and after
differentiation into a terminal cell line. Additionally, the ability to routinely deposit and
analyze single cells makes this technique well suited for the development of highthroughput single cell analyses. Indeed, it is highly suggested that future work further
develop this approach to allow the realization of both high-throughput analysis and
investigation of live cells.
In conclusion, both DESI and LESA have been demonstrated to be powerful
methods for lipid characterization from a variety of surfaces. While DESI is best suited
for tissue imaging and analysis of TLC plates, the greater control over the extraction
makes LESA is an excellent choice for the analysis of cells, including single cells,
deposited onto a substrate. Analytical approaches described in this thesis have enhanced
the capabilities of these techniques for the profiling, imaging and structural elucidation
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of lipids from complex biological extracts. In doing so, this has provided exciting new
possibilities for ambient surface analysis mass spectrometry to the lipid researcher.
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